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ABSTRACT 
 
 Increased concern of food security has created a demand for crops that exhibit 
high yields under conditions that require a minimal input of resources, such as light. 
Amaranthus is a C4 plant that has multiple uses, including that of a food source in many 
parts of the world. The objective of this research was to evaluate the photosynthetic 
performance of red and green vegetable varieties of Amaranthus blitum grown under 
high light (HL; 500 µmol m-2 s-1) photosynthetic photon flux density (PPFD) and low light 
(LL; 70 µmol m-2 s-1 PPFD). Under HL growth irradiance, the red variety accumulated 
more biomass than the green variety before flowering. This was accompanied by a 1.2-
fold increase of photosynthetic efficiency, a 1.5-fold increase of photosynthetic capacity 
(maximal rates of O2 evolution), a 1.5-fold increase of dark respiration rate, a 1.3- fold 
increase in light compensation point and a 1.7-fold increase of light saturation point. 
These values were supported by a 2.5- and 2.6-fold higher content of chlorophyll and 
carotenoids, respectively. A 4.7-fold greater betalain content was also observed. In 
addition, exposure to a photoinhibitory irradiance (1450 µmol m-2 s-1 PPFD) at 2°C for 4 
hours demonstrated the red variety exhibited increased tolerance to photoinhibition in 
comparison to the green variety when measured at the level of maximal photochemical 
efficiency of photosystem II. Further, this may be a result of the screening of light and 
shielding of chloroplasts by betalains that accumulate predominantly in the abaxial 
mesophyll and supported by a 1.2-fold increase in the red variety lower mesophyll cells 
thickness than in the green variety, leading to a thicker leaf. The granal index in bundle 
sheath cells under high light irradiance in the red variety was 2.0-fold greater than in the 
green variety, supported by 3.1-fold greater ratio of the length of appressed/non-
appressed thylakoids and a 2.0-fold increase in thylakoids/granum. These results 
suggest that under HL growth irradiance, the granal index and stackness 
(thylakoids/granum) enhances photosynthetic efficiency and capacity. In contrast, under 
LL growth irradiance both varieties performed photosynthetically similarly. Collectively, 
these results indicate that the red variety possesses a greater photoacclimatory 
capacity than the green variety under HL growth irradiance, whereas neither variety 
expressed an advantage under the LL growth irradiance in this study. 
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CHAPTER 1 
 
1.0 INTRODUCTION 
Amaranthus is a dicotyledonous C4 plant from the Amaranthaceae family, genus 
Amaranthus L. Amaranthus plants are highly studied as a model C4 plant of the 
nicotinamide adenine dinucleotide-dependent malic enzyme (NAD-ME) subtype. Being 
C4 plants, they possess a high photosynthetic performance by eliminating the 
competing photorespiration process (Long 1999, Sage 1999), and as such, require less 
nitrogen and water than C3 plants which makes these plants an environmentally 
sustainable crop (Hocking and Meyer 1991). Moreover, Amaranthus is used as a 
nutritious grain and fresh leafy vegetable in many parts of the world, viewed as a “future 
food security crop”, especially in African countries. However, food security is also a 
huge issue even in highly developed countries. The high cost of electricity has created 
interest in the greenhouse industry for lower light tolerant crops which can be produced 
as a secondary crop. Based on previous experiments under greenhouse conditions on 
several vegetable Amaranthus spp. and varieties (Tanino et al. 2014), the red and 
green varieties of Amaranthus blitum spp. appeared to accumulate greater biomass 
than other species and varieties. However, when plants were grown under reduced 
light, the red variety appeared to show greater plasticity of carbon assimilation than the 
green variety, based on biomass accumulation. Light in greenhouse conditions was 
modulated by using shade cloth (Tanino et al. 2014). For this research, the red and 
green varieties of Amaranthus blitum were selected to primarily evaluate the 
photosynthetic adjustments in response to growth irradiance, and secondarily the role 
of betalain pigments in enhancing photoprotection. Their phenotype suggested that 
these two varieties possessed the biggest difference in betalain accumulation, 
particularly the betacyanin pigment, responsible for the appearance of red color of 
leaves, stem and flowers. 
 Light is one of the most important environmental factors regulating the 
development of the photosynthetic apparatus in higher plants. In high light (HL) or low 
light (LL), plants develop sun or shade leaves, respectively (Anderson 1986). There has 
been extensive research done in C3 plants examining photosynthetic performance 
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when grown at HL or LL (Boardman 1977, Lichtenhaler 1981, Givnish 1988) as well as 
how C4 plants respond to HL (Hong et al. 2005, Sage and McKown 2006, Tazoe et al. 
2006). However, few studies have been conducted to evaluate how these plants 
photosynthetically perform and adjust to LL growth conditions because of the 
assumption that C4 plants are adapted for warm, dry, HL open spaces. Nevertheless, 
there are C4 species which persist in heavily shaded environments (Pearcy and Calkin 
1993, Brown 1997, Long 1999). Generally, plants grown under LL are characterized by 
large, thin leaves with a low stomatal density. Ultrastructurally, they possess a reduced 
number of chloroplast and an increased stacking of the thylakoid membranes, lower 
contents of chlorophyll (Chl), carotenoid (Car) when expressed on an area basis and a 
lower Chl a/b ratio. In addition, most indicators of photosynthetic performance such as 
photosynthetic efficiency (apparent quantum yield of oxygen (appO2)), photosynthetic 
capacity (maximal rate of O2 evolution (PmaxO2)), dark respiration rate (Rdark), light 
compensation point (LCP) and light saturation point (LSP) are also decreased in LL in 
comparison to HL grown plants (Björkman 1981, Lichtenthaler 1981, Lambers et al. 
1998, Sage and McKown 2006). 
 Long term growth under prevailing environmental conditions induce acclimation. 
Plants are able to photoacclimate to different light environments due to adjustments of 
their photosynthetic apparatus at the physiological, biochemical, structural and 
ultrastructural levels. These include, but are not limited to, leaf surface structures 
(trichomes and stomates) and anatomy, changes in the light harvesting antenna size, 
the screening of photoradiation, the dissipation of excess energy as heat, chloroplast 
morphology and ultrastructure, as well as thylakoid architecture. These responses have 
been well documented for many plant species (Boardman 1977, Anderson 1986, 
Anderson et al. 1995, Voznesenskaya et al. 1999, Chow et al. 2005, Walters 2005, 
Takahashi and Badger 2011). Björkman (1981) emphasized that C4 plants such as 
Flaveria, Zea mays and Amaranthus spp. can acclimate to LL, but may not complete 
their life cycle. Whereas in the C4 plants the advantages of C4 photosynthesis are well 
established, however their photoacclimatory responses are largely unknown.   
 The specific values of LL irradiance are relative. In the Tanino et al. (2014) study,  
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LL under commercial greenhouses ranged from 40 to 140 µmol m-2 s-1 PPFD, 
depending upon the season as well as location within the greenhouse. In other studies, 
LL was not defined at a specific irradiance but varied depending upon the plant (Tazoe 
et al. 2006, Yamori et al. 2009). Acclimation to LL under a broad range of irradiance 
was evaluated only in a few studies (Leong and Anderson 1984a, 1984b, Bailey et al. 
2001, 2004).  
 Overall, the increased concern about food security and increased population will 
provide an advantage for LL crops which have the potential to be either exploited as 
food bearing plants for ‘windowsill farming’ or increasing efficiency in greenhouse 
production as a second crop grown in the shade between plants or underneath benches 
in commercial greenhouse production. Understanding the physiological basis for LL 
photoacclimation using Amaranthus as a model plant is a first step towards the 
development of LL crops of high yield and quality that will be beneficial to the 
consumer, vegetable breeding programs, and the greenhouse industry. 
 
1.1 Hypothesis and Objectives 
1.1.1 Hypothesis 
The red variety of Amaranthus blitum will have greater photosynthetic 
performance (appO2 and PmaxO2) and greater tolerance to photoinhibition in 
comparison to the green variety when grown under HL and LL growth irradiance.  
 
1.1.2 Overall Objective 
The aim of this research was to test and evaluate the photosynthetic 
performance and the role of betalain pigments in enhancing photoprotection of two 
varieties (red and green) of Amaranthus blitum as a consequence of long term 
photosynthetic adjustments to HL and LL growth irradiance (photoacclimation). The 
irradiance range for photoacclimation was for HL (500 µmol m-2 s-1 PPFD) and LL (70 
µmol m-2 s-1 PPFD). This was accomplished by identifying and evaluating which growth 
and developmental, biochemical and physiological, and anatomical and ultrastructural 
adjustments allowed one variety to photosynthetically outperform the other variety at 
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either HL or LL growth irradiance. Additionally, the role of betalains as a mechanism of 
photoprotection was also evaluated. 
  
1.1.3 Specific Objectives 
The photoacclimation responses of the red and green varieties of Amaranthus 
blitum were assessed in three areas at either growth irradiance: 
 i) Growth and developmental adjustments  
 This was examined through a growth kinetics analysis. 
 ii) Physiological and biochemical adjustments 
This was examined through determination of appO2, PmaxO2, photoinhibitory 
responses and pigmentation composition. 
 iii) Anatomical and ultrastructural adjustments. 
This was examined through leaf surface structures and anatomy, as well as 
organelle ultrastructure. 
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CHAPTER 2 
 
2.0 LITERATURE REVIEW 
2.1 Photosynthesis 
 Photosynthesis is a biological process whereby the sun’s energy is captured and 
stored by a series of events that convert the energy of light into the biochemical energy 
needed to power life. All life on earth depends directly or indirectly on this energy which 
provides our food and energy resources. Photosynthesis converts light energy 
(photons), carbon dioxide (CO2), and water (H2O) into oxygen (O2) and carbon 
containing compounds such as sugar (sucrose). This process occurs primarily in leaves 
in an organelle known as a chloroplast. Within the thylakoid membranes of this 
organelle the light dependent reactions take place and generate adenosine triphosphate 
(ATP) and nicotinamide adenine dinucleotide phosphate (NADPH). These compounds 
are then used in the photosynthetic carbon reduction reactions which occur in the 
chloroplast stroma to reduce CO2 to carbohydrates (Baker 2008, Hopkins and Hüner 
2008, Ruban 2009). 
 
2.1.1 Leaf Structure and Anatomy 
 Photosynthesis takes place mostly in the leaves of plants. The anatomy of the 
leaf is highly specialized for light absorption and for efficient use of the light energy. 
Essentially, leaves must absorb as much light as possible and to deliver light to all the 
chloroplasts (Terashima et al. 2001). Furthermore, of all the energy reaching the earth 
only 5% is used in synthesis of carbohydrates, whose efficiency is directly dependent on 
leaf anatomy (Hopkins and Hüner 2008, Taiz et al. 2015). Leaves are typically laminar 
or blade-like structures, composed of various kind of tissues, including epidermis, 
mesophyll, bundle sheath and vascular bundle. The leaf is typically of determinate 
growth with dorsiventral symmetry. Because the leaf blade is flat, the epidermis is 
separated between the leaf margins into an upper (adaxial) and lower (abaxial) 
epidermal cells (EC) layer. The upper epidermal layer is typically transparent to visible 
light, and the cells commonly have a planoconvex shape. The transparency and shape 
allow the EC to act as lenses that can collect and focus the light (Vogelmann 1993, 
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Myers et al. 1994). The convexity is more characteristic when plants are grown under 
reduced light levels. The light that enters the mesophyll is two to three times greater 
than the incident light, and even can be ten times greater in some extremes cases 
(Vogelmann et al. 1996a).  
 In C3 plants, the major photosynthetic cells are the mesophyll cells (MC). Most 
C3 dicotyledonous leaves contain two types of mesophyll, namely the palisade and 
spongy mesophyll. The palisade mesophyll consists of one to three layers of rather 
tightly packed, elongated, cylindrical cells with the long axis perpendicular to the surface 
of the leaf. Below is the spongy mesophyll which consists of more loosely packed 
irregular cells with an extensive network of air spaces. However, dicotyledonous C4 
plants (such as the Amaranthus plants in this study) have a special anatomy known as 
Kranz anatomy. Plants exhibiting this anatomy utilize both MC and bundle sheaths cells 
(BSC). The BSC are the major photosynthetic cells. Differentiation of the two cell types 
is essential for operation of Kranz anatomy (Hatch and Slack 1970, Hatch 1987, 
Dengler and Nelson 1999, Heckmann 2016). A typical Kranz anatomy includes an outer 
layer of chloroplast-containing MC for initial carboxylation, and an inner layer of large, 
distinctive BSC that surround the vascular bundle (VB) for carbon reduction (Sage 
2004). The arrangement, thickness, shape, density of the cells in every tissue and the 
arrangement of the chloroplasts in the cells, as well the connectivity between the tissues 
affect the optical properties of leaves. The optical properties of the leaves are dynamic 
over different time scales and may include changes in the leaf position, leaf structure as 
well as chloroplasts movement (Vogelmann et al. 1996b, Hopkins and Hüner 2008, 
Baránková et al. 2016). These may help to optimize the absorption of incident quanta to 
maximize the energy utilization in photosynthesis or/and to avoid harmful over 
excitation.  
 
2.1.2 Stomata and Trichomes 
Stomata are minute openings present in the epidermal layer of leaves, stems and 
other organs that facilitate gas exchange. They exert control over the fluxes of gases 
(vapor H2O, CO2, O2) between the leaf and the atmosphere. Air enters through the 
stoma by gaseous diffusion providing the CO2 and O2 used in photosynthesis and 
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respiration, respectively. The O2 produced by photosynthesis is released by diffusion to 
the atmosphere as well as water vapor in a process called transpiration. The stoma 
itself is bordered by a pair of unique cells called guard cells. In most cases the guard 
cells are in turn surrounded by specialized, differentiated EC called subsidiary cells. The 
stoma, guard cells and the subsidiary cells are collectively called the stomatal complex 
or stomatal apparatus (Esau 1977, Hopkins and Hüner 2008, Taiz et al. 2015). There 
are numerous stomatal complex configurations in dicotyledonous plants based on 
composition and cellular orientation (Metcalfe and Chalk 1950). The number, size and 
distribution of the stomata is variable dependent on species and growth conditions. 
Dicotyledonous plants usually have more stomata on the abaxial than on the adaxial 
side of the leaves (Fricker and Wilmer 1996). The guard cells possess the capacity to 
undergo reversible turgor changes that in turn regulate the size of the stoma. When the 
guard cells are fully turgid the stoma is open, and when flaccid the stoma is closed. The 
turgidity of the guard cells is modulated by the blue light which regulates ion pumping 
into the guard cells and sensed by photoreceptors (phototropins) present in the guard 
cells (Taiz et al. 2015).  
Trichomes of plants are epidermal outgrowths of various types covering most 
aerial plant tissues. Trichomes are found in a very large number of plant species and 
are composed of a single cell or multicellular structures that can be grouped based on 
morphology (Esau 1977). Unicellular or multicellular trichomes may be glandular or non-
glandular as well as branched or unbranched. The size and density of trichomes may be 
modulated by different biotic and abiotic factors, all of which increase the fitness of the 
plant to the environment. Functionally, trichomes may be simple hairs or more 
specialized such as glandular secreting trichomes. Trichomes are important for plant 
growth and development in many ways. Even simple trichomes can change leaf 
reflectance, thereby reducing leaf temperature. Trichomes can also help to reduce 
excessive transpiration (Mauricio and Rausher 1997, Wagner et al. 2004, Schilmiller et 
al. 2008). Glandular trichomes can secrete and/or store large quantities of secondary 
metabolites as defence compounds for biotic stresses such as insect predation, fungi 
and other pathogens, as well as herbivory (Tattini et al. 2000, Puterka et al. 2003, Yu et 
al. 2010, Weinhold and Baldwin 2011, Glas et al. 2012, Yu and Pichersky 2014, Spring 
 
8 
 
et al. 2015). Trichomes can also be used as protection against ultraviolet (UV) radiation 
in plants exposed to high solar radiation, such as olive (Olea europaea), sunflower 
(Helianthus annuus) and Phillyrea latifolia, a Mediterranean plant (Tattini et al. 2000, 
Liakopoulos et al. 2006, Spring et al. 2015). 
 
2.1.3 Chloroplasts 
 The chloroplast is the subcellular organelle where photosynthesis takes place. 
The chloroplast is surrounded by a double envelope membrane, which consists of inner 
and outer lipid membranes. The structure of the chloroplast consists of internal 
membranes known as thylakoids. A stack of thylakoids forms a granum, and many 
stacks are known as granal lamellae or appressed thylakoids. The adjacent grana are 
connected by unstacked thylakoids known as stromal lamellae or non-appressed 
thylakoids. The fluid which surround the thylakoid membranes and is inside the inner 
membrane is known as stroma (Fig. 2.1). All thylakoid membranes within a chloroplast 
form a continuous network that encloses a single luminal space (Shimoni et al. 2005). 
The chloroplast also contains its own DNA, RNA, and ribosomes. 
 
2.1.3.1 Peripheral Reticulum  
 The peripheral reticulum (PR) is a system of tubes and vesicles continuous with 
the chloroplast inner membrane (Wise and Harris 1984). There are three morphological 
PR types: PRI, is characterized by a single or double row of tubules parallel to the 
chloroplast envelope; PRII, is characterized as groups of densely packed tubules 
neither isolated to any one area of the chloroplst’s periphery nor assembled into 
discrete rows or bundles, and PRIII, best described as discrete, isolated bundles or 
units of reticulating tubules (Wise and Harris 1984). It has been suggested that the PR 
may play a role in photosynthetic performance by increasing surface area of the 
chloroplasts inner envelope membrane, thereby influencing metabolite exchange 
between the plastid and the cytoplasm (Held and Saur 1971, Westphal et al. 2003, Wise 
2006, Brautigan and Weber 2011, Szczepanik and Sowinski 2014).  
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Figure 2.1 Schematic diagram of the overall organization of the chloroplast. Modified 
from Taiz et al. (2015). 
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2.1.3.2 Cytoplasmic Protrusions 
 A cytoplasmic protrusion (CP) is cytoplasm surrounded by a distorted portion of a 
chloroplast. In other research papers, this feature is named “cytoplasmic invagination” 
and are observed in response to viral infection (Ushiyama and Matthews 1970, Jang et 
al. 2013). While the function of these structures is unknown, it has been hypothesized 
they serve to increase chloroplast transport and, in some manner, affect photosynthetic 
performance (Larkin et al. 2016). 
 
2.1.3.3 Crystalline Inclusions 
 Crystalline Inclusions (CI) are accumulations of granular material in the stroma 
between the thylakoid membranes of chloroplast. These granules are assembled into 
crystals (Esau 1975). Early studies about CI suggests that they consist of Rubisco 
(Sprey 1977, Sprey and Lambert 1977), however the immunocytochemical study of 
Shojima et al. (1987) illustrated that the CI are not accumulations of Rubisco. It is 
assumed that the CI may consist of different components, depending on cell type (Ueno 
2001). 
 
2.1.4 Microbodies 
 Microbodies are a class of spherical organelles, surrounded by a single 
membrane and their matrix is granular or fibrillar (Frederic and Newcomb 1969, Esau 
1977). Their matrix is rich in enzymes and other proteins, but they do not contain 
genetic material, which indicates that they cannot self-replicate. As such, they are 
structurally simple but biochemically diverse. Commonly they are localized in the MC 
(C3) and/or in the BSC (C4) where they are closely associated with chloroplasts, 
mitochondria or oil bodies. In plants, there are two well known microbodies, 
peroxisomes and glyoxysomes. Peroxisomes, play an important role in the process of 
photorespiration and contain large quantities of the catalase enzyme that can form a 
crystalline core (CY) in the matrix. Glyoxysomes occurs in lipid storing cells where they 
play a role in lipid metabolism (Taiz et al. 2015). 
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2.1.5 Light Dependent Reactions 
The light dependent reactions of photosynthesis occur in the thylakoid 
membranes of the chloroplast. The thylakoids harbor four large multimeric protein 
supracomplexes; photosystem II (PSII), photosystem I (PSI), the cytochrome b6f 
complex (Cyt b6f) and the ATP synthase complex (Dekker and Boekema 2005, Nelson 
and Junge 2015). In addition to these major complexes, the thylakoid membranes also 
contain the lipophilic electron carrier plastoquinone (PQ), while the mobile electron  
carrier plastocyanin (PC) resides in the lumenal space. 
Photosynthesis is initiated with light absorption, primarily by Chl bound to  
proteins known as light-harvesting (or antennae) complexes. This, in turn, drives  
electron transport through carriers within the chloroplast thylakoid membrane. The light-
harvesting complex II (LHCII) antenna is associated with PSII and is a trimeric integral 
membrane complex that contains three major PSII light-harvesting Chl a/b-binding 
proteins (LHCB1, LHCB2, LHCB3). Three minor monomeric Chl a/b-binding proteins 
(LHCB4, LHCB5, LHCB6) are also associated with PSII (Jansson 1999). Similarly, PSI 
also possesses an antenna known as light-harvesting complex I (LHCI) (Nelson and 
Yocum 2006, Amunts et al. 2010). Both LHCI and LHCII facilitate efficient energy 
harvesting to the PSI and PSII core complexes, respectively. Furthermore, LHCII can 
transiently associate with PSI, controlled by an elegant system of 
phosphorylation/dephosphorylation. 
Photosystem II is a multi-component pigment-protein complex that is responsible 
for O2 evolution and plastoquinone reduction (Nickelsen and Rengstl 2013, Järvi et al. 
2015). Components of PSII include the reaction center core proteins D1 and D2 (PsbA 
and PsbD), core antenna proteins CP43 (PsbC), CP47 (PsbB), cytochrome b559 
(PsbE/PsbF), numerous chloroplast and nuclear encoded low-molecular-mass (LMM) 
proteins (Nickelsen and Rengstl 2013) and the extrinsic oxygen evolving complex 
(OEC) proteins (PsbO, PsbP, PsbQ) (Bricker et al. 2012). In addition, more than 60 
auxiliary proteins or enzymes involved in the assembly, stability and repair of PSII 
complexes are present (Mulo et al. 2008, Nixon et al. 2010, Nickelsen and Rengstl 
2013, Pagliano et al. 2014, Järvi et al. 2016). Photosystem II converts light energy into 
potential energy required to split water and subsequently evolve molecular O2 (Debus 
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1992). This takes place when light excitation of the primary donor (P680 - reaction centre 
Chl of PSII), comprising a special pair of Chl a, results in electron transfer to 
pheophytin, followed by electron transfer to the acceptor quinones (QA and QB). The 
resulting cation radical of P680+
 receives electrons via a redox-active tyrosine of D1, from 
the manganese cluster (Mn4CaO5). The Mn4CaO5 converts two water molecules into 
one molecular O2 and four protons through a light driven cycle consisting of five 
intermediates called S states (Vinyard et al. 2013). Electrons derived from water splitting 
in PSII are ultimately transferred via the Cyt b6f to PSI, where the reduction of 
nicotinamide adenine dinucleotide phosphate (NADP+) into NADPH occurs, also 
referrred to as linear electron transport. Linear electron transport generates a proton 
gradient across the thylakoid membrane (∆pH) through the combination of protons 
generated by the water splitting complex associated with PSII and proton translocation 
associated with electrons passing through the Cyt b6f complex. The ∆pH together with a 
membrane potential (∆ψ) formed across the thylakoid membrane drives ATP production 
by the ATP synthase (Malkin and Niyogi 2000). 
In addition to linear electron transport, cyclic electron transport can also occur 
which drives the production of ATP but not NADPH (Hopkins and Hüner 2008, Yamori 
and Shikanai 2016). The role of PSI cyclic electron transport is essential for increasing 
the ATP/NADPH ratio as well as for protecting both photosystems from damage caused 
by chloroplast overreduction (Shikanai 2007, Takahashi and Badger 2011). PSI cyclic 
electron transport can sustain a large ∆pH under conditions in which linear electron 
transport is limited. This is a requirement for the induction of photoprotective 
mechanisms such as non-photochemical quenching (NPQ; Niyogi 1999, Müller et al. 
2001).  
The arrangement of PSII and PSI are such that they are spatially separated in 
the thylakoid membranes. The PSII reaction center, along with its antenna chlorophylls 
is located predominantly in the granal lamellae (Andersson and Andersson 1980, 
Albertsson 2001, Dekker and Boekema 2005). The distance between neighbouring 
granal thylakoids is about 3.5 nm, resulting in the exclusion of the PSI and the ATP 
synthase from the grana, as their protrusions are larger (Abrahams et al. 1994, Amunts 
et al. 2007, Kirchhoff 2014). The PSI reaction center and its associated antenna 
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pigments, as well as the ATP synthase enzyme that catalyzes the formation of ATP, are 
found almost exclusively in the stromal lamellae and at the edges of the granal lamellae 
(Andersson and Andersson 1980, Albertsson 2001, Dekker and Boekema 2005). The 
separation of PSII, PSI, and ATP synthase introduces a lateral heterogeneity in the 
thylakoid membrane of plants. The distribution of the Cyt b6f of the electron transport 
chain that connects the two photosystems is still under debate. Initially assumed to be 
evenly distributed across the thylakoid membranes (Allen and Forsberg 2001). Recent 
studies show an enrichment of Cyt b6f in the stroma lamellae as well as in the 
nanodomains within PSII in granal regions (Johnson et al. 2014, Tomizioli 2014).   
Thylakoid architecture and granal stacking play a crucial role in allowing the 
plants to acclimate to different growth irradiance. Granal lamellae formation facilitates 
photosynthetic light harvesting and its regulation via NPQ, thus protecting PSII from 
photodamage (Anderson 1999, Horton 1999). Granal stacking has also been described 
as a way to physically separate the slow-working PSII from the fast-working PSI, hence 
avoiding a spillover of excitation energy (Trissl and Wilhelm 1993). In addition, the 
lateral heterogeneity caused by granal formation avoids competition between linear and 
cyclic electron flow (Allen et al. 1981, Albertsson 2001, Bendall and Manasse 1995) as 
well as increasing the diffusion rate of plastoquinol (Kirchhoff et al. 2002). However, 
granal stacking results in a requirement for the long-range diffusion of electron carriers 
between PSII and PSI (Mullineaux 2008, Kirchhoff et al. 2011) and crowding can restrict 
the rapid diffusion of damaged PSII to lumen, where its repair takes place (Kirchhoff et 
al. 2008, Mulo et al. 2008). Lateral heterogeneity also has an impact on the 
stoichiometry of PSII/PSI. The PSII/PSI ratio is about 1.5:1, but it can change when 
plants are grown under different light conditions (Anderson et al. 1988, Bailey et al. 
2001, Ballottari et al. 2007). 
 
2.1.6 Photosynthetic Measurements 
Photosynthetic performance can be measured through several methods that are 
well established. The methods used in this research, photosynthetic O2 evolution and 
Chl fluorescence, are briefly described below. 
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2.1.6.1 Photosynthetic O2 Evolution 
This method involves constructing a light-response curve based on evolution of O2 at 
different irradiance (Fig. 2.2). This can be determined in the gas or liquid phase. As a 
result of electron transport, water is oxidized releasing O2 in the presence of light. The 
O2 evolved is detected polarographically using a Clark-type electrode. Many 
photosynthetic parameters can be derived from these curves, indicated in Fig. 2.2. The 
PmaxO2 corresponds with the upper asymptote, appO2 is the initial slope of the light-
response curve. The LCP, and Rdark are the values from the intersection on the X- and 
Y-axes, respectively. The LSP represents the inflection point of the curve. 
 
2.1.6.2 Chlorophyll Fluorescence 
 The light absorbed by Chl can be utilized photochemically to drive 
photosynthesis (coefficient of photochemical quenching (qL)), dissipated as heat (NPQ) 
or re-emitted as fluorescence (Fig. 2.3). These three pathways are in competition such 
as any increase in efficiency of one will result in a decrease in the yield of other two. 
Hence, by measuring the yield of Chl a fluorescence, information about changes in 
photochemistry and heat dissipation can be obtained (Krause and Weis 1991, Maxwell 
and Johnson 2000, Gray et al. 2003, Baker 2008). 
Chlorophyll fluorescence is widely used not only for evaluation of photosynthetic 
performance but also as an indicator of the physiological competence of plants (Baker 
and Rosenqvist 2004). When plants are exposed to abiotic and biotic stresses, a 
decrease in the maximal photochemical efficiency of PSII (Fv/Fm) is frequently observed. 
The measure of Fv/Fm provides a simple and rapid way of monitoring stresses such as 
heat (Srinivasan et al. 1996), salt (de Lucena et al. 2012), drought (Kościelniak et al. 
2005), nutrient deficiency (Durães et al. 2001, Kalaji et al. 2014), herbicides (Korres et 
al. 2003) and water availability in plants (Germ et al. 2005).  
 
2.1.7 Photosynthetic Carbon Reduction 
The photosynthetic carbon reduction cycle (Calvin cycle) occurs in the 
chloroplast stroma. It is a sequence of reactions all plants use to reduce CO2 to organic  
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Figure 2.2 Typical light response curve of O2 evolution and derived parameters. appO2, 
apparent quantum yield of O2 evolution; LCP, light compensation point; LSP, light 
saturation point; PmaxO2, maximal rate of O2 evolution; Rdark, rate of dark respiration. 
Modified from Bowman et al. (2017). 
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Figure 2.3 Fates of sunlight absorbed by the light-harvesting chlorophyll complexes of 
PSII. Chl, chlorophyll; 1Chl*, excited singlet chlorophyll; 3Chl*, excited triplet chlorophyll; 
P, photochemistry (green); D, safe dissipation of excess excitation energy as heat (red); 
F, fluorescence; 3T, triplet pathway, leading to the formation of singlet oxygen (1O2*) and 
photooxidative damage. From Demming-Adams and Adams (2000). Permission 
obtained from publisher. 
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carbon. The fixation of CO2 is directly dependent on the enzyme ribulose-1,5-
bisphosphate carboxylase-oxygenase (Rubisco), which catalyzes the addition of a CO2 
molecule to an acceptor molecule ribulose-1,5-bisphosphate (RuBP). The Calvin cycle 
consists of three stages: carboxylation, reduction, and regeneration. Carboxylation 
consists of the fixation of CO2 in the presence of Rubisco. Rubisco is catalyzing the 
addition of a CO2 molecule to the acceptor molecule RuBP, leading to the production of 
two molecules of 3-phosphoglycerate (3-PGA). In the reduction phase, ATP and NADPH 
are consumed in conversion of 3-PGA to glyceraldehyde-3-phosphate (G3P). The 
obtained product after having been converted to dihydroxyacetone phosphate (DHAP) 
is ready to be exported to the cytoplasm for sucrose biosynthesis (Taiz et al. 2015). 
Regeneration is a complex series of reactions that are responsible for the regeneration 
of the CO2 acceptor RuBP to ensure the continuous fixation of CO2. The excess carbon 
can be stored as starch in the chloroplast or transported to other parts of the plant. Only 
ATP is used in these series of reactions (Hopkins and Hüner 2008).  
 Plants can be subdivided into C3 or C4 photosynthetic carbon reduction, which 
refers to the first stable carbon compound generated in the respective processes. In C3 
plants, the fixation of CO2 to the acceptor molecule RuBP is catalyzed by the enzyme 
Rubisco and results in 3-PGA, a 3-carbon compound. The energy needed to complete 
the reduction of one molecule of CO2 is 3 ATP and 2 NADPH (Hopkins and Hüner 
2008). In contrast, the leaves of C4 plants have a special anatomy known as Kranz 
anatomy (Fig. 2.4A) and photosynthetic carbon reduction occurs as a result of the 
coordinated function of MC and BSC, generating a 4-carbon compound. The principles 
of photosynthesis in C4 plants are illustrated in Fig. 2.4B. There are different subtypes 
of this process that vary in the enzymes, compounds and cellular organelles involved, 
however, the process remains similar. 
The Amaranthus plants used in this study belong to the NAD-ME (malic enzyme) 
subtype (Fig. 2.5). In the cytoplasm of the MC, CO2 is converted by carbonic anhydrase 
(CA) to carbonic acid (HCO3-). Carbonic acid and phosphoenolpyruvate (PEP) which 
are combined through the action of phosphoenolpyruvate carboxylase (PEPC) to form 
oxaloacetate (OAA), a C4-acid compound, and orthophosphate (Pi). Oxaloacetate is 
converted to aspartate (Asp) by Asp aminotransferase in the cytoplasm of the MC. The   
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Figure 2.4 C4 leaf anatomy (A.) and a general schematic of C4 photosynthesis (B). 
ADP, adenosine diphosphate; ATP, adenosine triphosphate; PEP, phosphoenolpyruvate; 
3/4C, three/four carbon acid. Modified from Reece et al. (2010).  
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Figure 2.5 The C4 photosynthetic pathway demonstrating the NAD-ME (nicotinamide 
adenine dinucleotide-dependent malic enzyme) sub-type. Ala, alanine; Asp, aspartate; 
MA, malate; OAA, oxaloacetate; PA, pyruvate; PEP, phosphoenolpyruvate; Pi, 
orthophosphate; PPi, pyrophosphate. Enzymes are as follows: 1, carbonic anhydrase; 
2, PEP carboxylase; 3, aspartate aminotransferase; 4, NADH-malate dehydrogenase, 5, 
NAD-ME-malic enzyme, nicotinamide adenine dinucleotide-dependent malic enzyme; 6, 
Rubisco; 7, alanine aminotransferase; 8, pyruvate phosphate dikinase; 9, adenylate 
kinase; 10, pyrophosphatase. Modified from Sage and Monson (1999). 
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Asp pass through the plasmodesmata to bundle sheath cells (BSC) into mitochondria. 
In mitochondria Asp is deaminated by Asp aminotransferase to OAA, which is reduced 
to malate by NAD-ME dehydrogenase. Malate is then decarboxylated by NAD-ME into 
CO2 and pyruvate. The released CO2 is refixed by Rubisco in the Calvin cycle of BSC 
chloroplasts and pyruvate is converted to alanine which is shuttled to the MC 
chloroplast for regeneration of PEP (Hatch 1987, Sage 2004, Sommer et al. 2012). The 
energy needed for the complete reduction of one molecule of CO2 is 5 ATP and 2 
NADPH in subtype NAD-ME (Hatch 1987, Sage 2004). 
Whereas the energy cost is greater than in C3 plants, the spatial separation of 
the reactions in C4 plants allows for the concentration of CO2, thereby minimizing the 
process of photorespiration (oxygenation by Rubisco) and potential carbon loss. Since 
Rubisco can operate under high CO2 concentrations in the BSC, it works more 
efficiently than in C3 plants. Consequently, C4 plants need less of this enzyme, which is 
by far the most abundant protein in the leaves of C3 plants. This leads to a better 
nitrogen-use efficiency of C4 plants compared to C3 plants, since the rate of 
photosynthesis per unit nitrogen in the leaf is increased (Oaks 1994). Additionally, C4 
plants exhibit better water-use efficiency than C3 plants. Because of the CO2 
concentration mechanism, C4 plants can acquire enough CO2 even when their stomata 
are not fully open. Thus, water loss by transpiration is reduced (Long 1999). Overall, the 
C4 mechanism results in better photosynthetic performance under conditions of low 
CO2 or high temperature (Sage 1999).  
 
2.1.8 Photorespiration 
 Photorespiration, also known as the oxidative photosynthetic carbon cycle, 
occurs in three organelles: chloroplast, peroxisome and mitochondrion. This process 
starts in the chloroplast stroma under conditions whereby Rubisco acts as an 
oxygenase and reacts with O2 and RuBP. The oxygenase activity of Rubisco yields 3-
PGA which returns to the Calvin cycle and 2-phosphoglycolate (2PG), which upon the 
action of phosphoglycolate phosphatase forms glycolate. This glycolate flows from the 
chloroplast to peroxisome where it is converted to glyoxylate by the enzyme glycolate 
oxidase. This reaction also liberates hydrogen peroxide (H2O2) which is converted to 
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H2O and O2 by the enzyme catalase. Glyoxylate is converted to glycine by glutamate: 
glyoxylate aminotransferase and is then exported to the mitochondria. In the 
mitochondria, under the activity of enzymes glycine decarboxylase complex and serine 
hydroxymethyltransferase, glycine is transformed to serine with the concurrent release 
of the CO2 and ammonium (NH4+). Serine is then transported back to the peroxisome 
and converted to glycerate by the action of serine:2-oxoglutarate aminotransferase and 
hydroxypyruvate reductase. Finally, the glycerate from the peroxisomes and the NH4+ 
from the mitochondria return to the chloroplast in a process that recovers part of the 
carbon and all the nitrogen lost in photorespiration. Here the glycerate is 
phosphorylated to 3-PGA and incorporated back in the Calvin cycle. The nitrogen is 
recovered in the stroma through the incorporation of NH4+ into glutamate via glutamine 
synthetase and glutamate synthase (GS/GOGAT) cycle (Fig. 2.5; Taiz et al. 2015). 
 
2.2. Photostasis and Photoinhibition 
2.2.1 Photostasis 
 Plants have developed elaborate mechanisms for acclimation, defense and 
repair in response to environmental stress. The chloroplast is recognized as a global 
sensor of stress and acts by perceiving energy imbalances between sources and sinks 
(Falkowski and Chen 2003, Ensminger et al. 2006, Wilson et al. 2006). The 
maintenance of cellular energy balance is called photostasis. The balanced photostatic 
state exists when light capture through photosynthetic light harvesting (source) is equal 
to energy utilization by carbon, nitrogen and sulfur assimilation processes (sink). Any 
factor which affects source or sink relationship has the potential to shift this energy 
balance. If the stress is severe, a significant change in photostasis may result in the 
death of the plant. However, plants survive by restoring photostasis through modulation 
either of the source, sink or both. While the mechanism by which this occurs is species- 
and organism-specific, in many cases it involves decreasing the rate of energy 
harvesting through changes in the absorptive cross section of PSII and dissipative 
processes such as NPQ or increasing the sink processes that are determined primarily 
by carbon and nitrogen metabolism (Hüner et al.1998, Ensminger et al. 2006, Biswal et 
al. 2011).  
 
22 
 
2.2.2 Photoinhibition 
 Photoinhibition is defined as a light-dependent decrease in photosynthetic 
efficiency and/or capacity. It can occur at any irradiance when light exceeds the 
requirements for photosynthesis (Fig. 2.6; Powles 1984, Krause 1988, Osmond 1994, 
Hopkins and Hüner 2008). This decrease is associated primarily with damage to the 
reaction center of PSII which is susceptible to photoinhibition under visible and UV light 
(Aro et al. 1993, Melis 1999).  
Many mechanisms have been suggested to explain PSII photoinhibition including 
over reduction of the acceptor side of PSII as well as inactivity of the donor  
side of PSII or excess light damage to the D1 polypeptide of PSII reaction center (Vass 
et al. 1992, Aro et al. 1993, Anderson et al. 1998, Melis 1999). Photoinhibition is also 
widely considered to be an important mechanism to protect PSII from over-excitation 
through the down regulation of PSII photochemistry (Hüner et al. 1993, van Wijk and 
van Hasselt 1993, Krause 1988, Krause 1994a). Currently, a two-step mechanism of 
photodamage to PSII is favoured whereby step one is the light induced inactivation at 
the Mn4CaO5 of the OEC, and step two is inactivation of the PSII reaction centers by 
light absorbed by Chl. Inactivation of the OEC occurs in UV and visible light releasing a 
manganese ion to the thylakoid lumen, and as a result making it unable to reduce P680+ 
which results in oxidative damage of PSII reaction centers (Hakala et al. 2005, Ohnishi 
et al. 2005).  
Plants evolved different photoprotective mechanisms to excess irradiance 
(photoinhibition). Direct photodamage can be alleviated by leaf and chloroplast 
movement. Phototropins have been shown to initiate chloroplast movement to the 
periphery of the cells. This results in their positioning parallel to the incident light, 
resulting in reduced light absorption (Kong and Wada 2014). The attenuation of incident 
light can also occur by the accumulation of photoprotective pigments in the upper 
epidermal cell layer or in the abaxial mesophyll parenchyma (Takahashi et al. 2010). In 
the long term, plant morphological changes can also occur. These changes under HL, 
usually result in reduced leaf area, increased leaf thickness (LT) based on increased 
adaxial and/or abaxial MC elongation, as well as by eventual addition of a layer of 
palisade cells (Kim et al. 2005, Mishra et al. 2012). In addition, an increased 
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Figure 2.6 Light response curve of O2 evolution demonstrating light limiting, light 
saturating, and photoinhibitiory conditions. Modified from Hopkins and Hüner (2008). 
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stomatal index (SI), trichome density and epicuticular wax content and composition also 
contribute to the photoprotective mechanism (Fricker and Wilmer 1996, Tattini et al. 
2000, Wagner et al. 2004, Liakopouos et al. 2006, Zarinkamar 2007, Schilmiller et al. 
2008, Tsutsumi et al. 2017). Changes in chloroplast ultrastructure are evident with less 
stacking (appression) in chloroplast of plants under HL (Boardman 1977). A common 
mechanism for coping with excess excitation energy involves NPQ, a process that takes 
place in the external antennae of PSII (Li et al. 2000). The energy-dependent 
component of the process involves the xanthophyll cycle comprising of three 
carotenoids: violaxanthin (V), antheraxanthin (A) and zeaxanthin (Z)s the xanthophyll 
cycle. The xanthophyll cycle consists of epoxidation of V to Z via A, which allows an 
efficient dissipation of excess light into heat (Demming-Adams and Adams, 1992). The 
qE is dependent on a ∆pH across the thylakoid membrane which can be generated by 
linear and cyclic electron flow (Takahashi and Badger 2011). The low pH in the lumen 
induces protonation of PsbS protein, which in turn induces conformational changes in 
minor antenna complexes (LHCB4, LHCB5 and LHCB6). Conformational changes imply 
that the minor antenna complexes bind one molecule of Z and one of Chl, that accept 
energy transfer from excited chlorophylls. Zeaxanthins are able to return to their ground 
state by dissipating energy as heat (Horton and Ruban, 2004). Other mechanisms 
involve enhancing the turnover of PSII, such as phosphorylation and dephosphorylation 
of PSII core proteins, thus maintaining PSII functionality despite increased damage to 
the D1 protein (Aro et al. 1993, 2005, Tyystjärvi and Aro 1996, Bellafiore et al. 2005, 
Tikkanen et al. 2008a, 2008b, 2010). Furthermore, plants can avoid reactive oxygen 
species (ROS)-mediated damage by activating a multi-layer network of enzymatic and 
non-enzymatic antioxidants to maintain ROS at basal levels (Foyer and Noctor 2009).  
Damaged PSII reaction must be disassembled and repaired. However, only the 
damaged D1 protein is removed and replaced whereas the other components of the 
PSII reaction center are recycled. In the past, it has been assumed that damage to PSII 
was accelerated by the environmental stresses that limit the photosynthetic fixation of 
CO2. Currently, it is believed that oxidative stress, as well as cold and salt stress, 
actually exert their effect by inhibiting repair of the photosynthetic machinery (Gombos 
et al. 1994, Nishiyama et al. 2001, Allakhverdiev et al. 2002, Allakhverdiev and Murata 
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2004). The combination of low temperature and high irradiance conditions act 
synergistically and lead to photoinhibition and photooxidation. This occurs because of 
an increase in the proportion of closed PSII reaction centers due to slower rates of 
photosynthetic carbon fixation reactions, as well as restricted rates of D1 protein 
turnover, decreased xanthophyll cycle activity and inadequate rates of removal of ROS 
(Krause 1994b, Ensminger et al. 2006, Wilson et al. 2006, Biswal et al. 2011). 
 
2.3 Photoacclimation 
 Light is one of the most important requirements for plant growth and under  
natural field conditions light quantity and quality is highly heterogeneous (Chen et al. 
 2016). Plants have to cope with highly variable light regimes to ensure further growth 
and development. This is achieved through photoacclimation. Photoacclimation is the 
process whereby adjustments are made to the structure and function of the 
photosynthetic apparatus in response to changes in growth irradiance and/or light 
quality (Hopkins and Hüner 2008). 
 During evolution, two kinds of species have evolved: the light demanding plant 
(HL tolerant) and the shade demanding plant (LL tolerant). Low light tolerant species 
can survive and grow under as little as 1-2% of full sunlight (Augspurger 1984, Chen et 
al. 2014). Usually such plants exhibit a lower Pmax, reduced app, as well as reduced 
LCP, LSP, Rdark, relative linear electron transport rate through PSII (ETR), but increased 
PSII than the same plants grown under HL (Boardman 1977, Bazzaz 1979, Givnish 
1988, Valladares et al. 2000, Valladares and Niinemets 2008). At the chloroplast level, 
LL tolerant plants present a larger LHCI and LHCII and a decreased Chl a/b ratio, but a 
greater leaf area (LA) and pigments content per leaf fresh weight (FW; Lichtenhaler et 
al. 1981, Leong and Anderson 1984a, Anderson and Osmond 1987, Givnish 1988, De 
la Torre and Burkey 1990, Bailey et al. 2001). At the anatomical level, LL tolerant plants 
have reduced LT, lower area and length of MC, reduced number of cells per LA, as well 
as lower number of chloroplasts per unit area, thus determining a reduced LT, but with 
increased granal index (GI) and stackness (Givnish 1988, Lee et al. 2001, Oguchi et al. 
2005, Tazoe et al. 2006, Skillman et al. 2005). All these parameters are opposite for the 
HL tolerant plants, with the exception of GI and thylakoids per granum.    
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Photoacclimation is a very complex process and the fact that photosynthesis has 
the ability to respond to a broad range of environmental stimuli allowed Anderson et al. 
(1995) to hypothesize that acclimation to any environmental stress receives stimuli from 
photosynthesis itself. As such, photoacclimation serves as a homeostatic mechanism, to 
correct the deleterious consequences of environmental changes, thereby maintaining 
efficient photosynthesis (Walters 2005). Plants have developed different mechanisms to 
sense the environment. Therefore, when an imbalance alters the photostatic state and 
this energy imbalance is sensed by plants, cellular, physiological and developmental 
changes are made to reestablish the lost photostasis. In response to changes in 
irradiance, short-term photoacclimation involves NPQ (Ruban et al. 2012). Short-term 
photoacclimation occurs when plants are shifted to HL, that results in increased 
phosphorylation of PSII core proteins, whereas the level of LHCII phosphorylation 
decreases. It is known that PSII phosphorylation in HL facilitates the unpacking of PSII-
LHCII complexes required for proper processing of the damaged PSII centers and thus, 
prevents oxidative damage of the photosynthetic apparatus (Tikkanen et al. 2008a, 
Fristedt et al. 2009, Kirchhoff et al. 2011). Furthermore, the D1 protein needs to be 
dephosphorylated before its proteolytic degradation upon PSII turnover (Koivuniemi et 
al. 1995).  
Short-term photoacclimation when plants are shifted to LL results in decreased 
phosphorylation of PSII core proteins, whereas the phosphorylation of LHCII proteins 
increases (Rintamäki et al. 1997, 2000). Phosphorylation of LHCII can result in the 
association of LHCII with the PSI core. In this manner, both photosystems are 
energetically connected through a shared light-harvesting system composed of LHCII 
trimers (Grieco et al. 2015) and there is efficient excitation energy transfer between the 
two photosystems (Yokono et al. 2015). Moderate phosphorylation of both PSI core and 
LHCII proteins is needed to provide the granal membranes with sufficient fluidity as well 
as sufficient energy transfer from LHCII to PSI (Tikkanen et al. 2008b, Grieco et al. 
2012, Wientjes et al. 2013). Overall, the phosphorylation of thylakoids membranes is a 
dynamic redox regulated process, dependent on the interplay of two kinases (state 
transition 7 and 8 (STN7 and STN8; Bellafiore et al. 2005, Bonardi et al. 2005, Vainonen 
et al. 2005, Tikkanen et al. 2006) and two phosphatases (thylakoid-associated 
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phosphatase38/protein phosphatase1 (TAP38/PPH1) and PSII core phosphatase 
(PBCP); Pribil et al. 2010, Shapiguzov et al. 2010, Samo et al. 2012). Moreover, the 
∆pH across the thylakoid membrane regulates these kinases and phosphatases.  
Long-term photoacclimation in response to HL is also accompanied by a 
regulation in the amount of LHC proteins and the PSII/PSI ratio (Anderson 1986). Under 
HL conditions, photoacclimation results in a reduced amount of LHC proteins, whereas 
the PSII content increases compared to PSI. However, under LL conditions the opposite 
is observed, where the PSII/PSI ratio reflects a lower amount of PSII complexes, but 
they are associated with a larger amount of LHCII proteins and decreased amounts of 
Rubisco and Cyt b6f (Anderson et al. 1988, Bailey et al. 2001, Ballottari et al. 2007). 
 
2.4 Amaranthus Plants  
2.4.1 Taxonomy 
The taxonomy of the genus Amaranthus L. is considered “difficult” (Costea and 
DeMason 2001). Frequent outcrossing and hybridization has caused a large number of 
accessions resulting in nomenclatural disorder and misapplication of names that has 
created intricate problems in its taxonomy (Costea and DeMason 2001, Das and 
Iamonico 2014, Iamonico 2014a, 2014b, 2016a, 2016b). The studies of Sauer (1967, 
1976, 1993) based on morphological features allowed for the delineation of two 
subgenera: Acnida L., which includes the dioecious weed species and Amaranthus L., 
which includes the monoecious weed species, and all vegetable and grain species 
(Sauer 1967). There is currently no consensus about the taxonomy of the Amaranthus 
L. genus, and as such, the classification by Sauer (1967) usually prevails. The number 
of Amaranthus species varies in the literature. The genus Amaranthus L. according to 
The Plant List (2013) consists of 105 species. However, these 105 species were verified 
from 455 species, which indicates that many synonyms or non-accepted names of the 
species are used. For this study, the red and green varieties of Amaranthus blitum were 
used. These belong to the family Amaranthaceae. 
 
2.4.2 Utilization and Nutritional Importance 
 Most of the Amaranthus species are annual weeds, and only a few are valued as  
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grains (pseudocerials) and vegetables. Some ornamentals with beautiful foliage also 
belong to this species. 
 The grain Amaranthus spp. are A. hypochondriacus, A. caudatus and A. 
cruentus. Traditionally, the grain amaranths were used as flour, popped seeds, cooked 
into a gruel, and roasted (Marx 1977). Today they are more used as crackers, sweet 
rolls, amaranth-containing spread, mixed grain pilaf, pancakes, hot cereals, several 
sorts of bread, tortillas, dumplings and muffins (Saunders and Becker 1984). The flour is 
often added to maize or wheat, to create a balanced source of proteins (Alvarez-Jubete 
et al. 2010). Amaranth grain is gluten free (Petr et al. 2003) and rich in minerals 
including magnesium, calcium, potassium, phosphorus, iron and sodium (Bressani 
2003, Alvarez-Jubete et al. 2009) and bioactive substances (Klimczak et al. 2002). The 
protein content was reported between 12.4 and 16.8% (Bejosano and Corke 1998), 
however in the most recent research study of 1309 accessions (Shukla et al. 2017) a 
wider range was reported (7.8 to 18.0%). The lysine level (a limiting amino acid in most 
cereal grains) of grain amaranth is twice that of wheat protein, three times that of corn 
and comparable to milk protein (National Research Council, 1984). Starch is the most 
abundant component of grain amaranth seeds, comprising about 62% (Becker et al. 
1981). The diameter of the starch granules is very small which allows it to be used in 
food and non-food applications, such as a fat replacement ingredient and for producing 
biodegradable films (Lindeboom et al. 2004). The amount of oil in grain Amaranthus 
varies between 5.1 to 7.7% depending on species and contains a high level of squalene 
(3.6 to 6.1%) which is important in the cosmetic and technology industries (He et al. 
2002). 
 Vegetable Amaranthus spp. have recently gained importance as a promising 
food crop owing to its resistance to heat, drought, diseases and pests and high 
nutritional value of its leaves, stem and seeds (Polturak and Aharoni 2018). Different 
edible species of Amaranthus are consumed widely as leafy vegetables across the 
world due mainly to their lower price and nutritional composition. Amaranthus is a rich 
source of protein, vitamin C, dietary fiber (Shukla et al. 2003, Kadoshnikov et al. 2008) 
and minerals such as calcium, iron, zinc and magnesium (Shukla et al. 2006). As a 
vegetable, amaranths are nutritionally more valuable than most spring and summer 
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vegetables on a FW basis (Allemann et al. 1996). However, breeding of Amaranthus as 
a leafy vegetable has not been reported (Grubben 2004, Natural Resources 
Conservation Service, USDA, 2018). Several species of Amaranthus have been 
reported to contain various bioactive phytochemicals such as Car, flavonoids and 
phenolic acids (Amin et al. 2006). Amaranthus has been well documented to possess 
important pharmacological properties including anticancer (Sani et al. 2004, Al-Mamun 
et al. 2016), anti-inflammatory (Tyszka-Czochara et al. 2016), and antioxidant activities 
(Amin et al. 2006, Ozsoy et al. 2009, Al-Mamun et al. 2016).  
Amaranthus blitum is a weed, spread over the world from the tropics to  
temperate areas, most likely originating from the Mediterranean region. A. blitum is well 
adapted to temperate climates. It has a number of weedy forms with leaves varying 
greatly in size and color. The leaves, petioles and young tips are used as salads and as 
potherbs (Larkcom 1991). It is present in many African countries and is mostly a 
protected weed in backyards and home gardens, sometimes produced for sale at the 
market. Cultivated types are present in Central and East Africa, likely originating from 
India where it is an important vegetable. It is also a popular home garden vegetable in 
southeastern Europe where it is used as a substitute for spinach (Spinacia oleracea) 
during the hot dry summer months. Many cultivated types are larger, more erect and 
more succulent than weedy types. Mediterranean cultivated types are robust, erect, 
simple or little-branched plants (up to 1 m tall) with large leaves. The African or Asian 
(Indian) cultivated types are generally much smaller (up to 50 cm), strongly branched 
and erect or prostrate. In most African floras, the species name A. lividus is used.  
However, current nomenclature suggests that A. blitum should be used (The Plant List 
2013).  
 
2.5 Betalain Pigments 
2.5.1 Biosynthesis 
 Betalains are a group of water-soluble nitrogenous pigments, present in most 
families (such as Amaranthaceae) of the order Caryophyllales, where they replace the 
anthocyanins as pigments (Stafford 1994, Brockington et al. 2011, Gandia-Herrero and 
Garcia-Carmona 2013). Their name comes from the Latin name of the common beet 
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(Beta vulgaris), from which betalains were first extracted. Betalains are comprised of the 
yellow-orange betaxanthins and the red-violet betacyanins. The betalain biosynthetic 
pathway consists of several enzymatic and spontaneous reaction steps and is shown in 
Fig. 2.7 (Harris et al. 2012). Betalains are thought to be synthesized in the cytoplasm 
and endoplasmic reticulum, based on subcellular localization of their key biosynthetic 
enzymes (Tanaka et al. 2008, Christinet et al. 2004, DeLoache et al. 2015). 
Betalains are synthesized from tyrosine, an aromatic amino acid that is mainly produced 
in plants through the shikimate pathway (Herrmann 1995, Tanaka et al. 2008, Harris et 
al. 2012). Tyrosine is initially hydroxylated to form 3,4-dihydroxy-L- phenyalanine (L-
DOPA). The second step in the biosynthetic pathway is conversion of L-DOPA to 
betalamic acid, the chromophore molecule for both betacyanins and betaxanthins. 
Betalamic acid can condense with an additional amine, or amino-groups. 
and form yellow betaxanthin pigments. These reactions are spontaneous. The formation 
of betacyanins consists of L-DOPA being converted to cyclo-DOPA which can 
spontaneously condense with betalamic acid. Many molecular species of betacyanins 
can be obtained as a result of glycosylation or acylation. 
 
2.5.2 Roles and Applications of Betalains  
 Betalains are the sum of betacyanins and betaxanthins and classified based on 
their structural characteristics and light absorption properties. Betalains replace the 
anthocyanins in the majority of families of the order Caryophyllales and are structurally 
and biosynthetically distinct from anthocyanins. Betalains can be produced in a wide 
range of plant organs and cell types including leaves, trichomes, stems, flowers, fruits, 
seeds and roots (Gandia-Herrero and Garcia-Carmona 2013). Like the anthocyanin 
pigments, betalains have been proposed to play important roles in plant photoprotection 
and as scavengers of ROS in response to numerous biotic and abiotic stress factors 
(Solovchenko and Merzljak 2008). The photoprotective function of betalains under low 
temperature and heat stress was demonstrated in earlier studies (Wang and Liu 2007, 
Hayakawa and Agarie 2010). The presence of betacyanins in epidermal and mesophyll  
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Figure 2.7 The betalain biosynthetic pathway. S, spontaneous condensation reactions. 
Modified from Harris et al. (2012).  
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cells and their role in attenuating excess incident light was demonstrated by Gould et al. 
(1995) and later by Nakashima et al. (2011) who showed two to three-fold reductions in 
leaf transmittances of visible light in betacyanic leaves in comparision to acyanic leaves. 
Betalain localization appears to be species-specific. In some species they accumulate 
primarily in the upper epidermal and adaxial sub-epidermal layers, but in others, in the 
abaxial mesophyll layer (Vogt et al. 1999, Ibdah et al. 2002, Wybraniec et al. 2010). The 
latter is proposed to protect the deeper tissues from photodamage due to green and 
yellow light (Koizumi et al. 1998, Vogelmann and Han 2000, Hughes et al. 2005, Oguchi 
et al. 2011, Takahashi and Badger 2011). In addition, some betacyanins have been 
demonstrated to have a high ROS scavenging activity (Cai et al. 2001, 2003, Neill and 
Gould 2003, Wang et al. 2006). Apart from their protective effects, betalains can also act 
as visible signals to attract insects, birds and animals for pollination and seed dispersal 
(Tanaka et al. 2008). 
Additionally, betalains serve roles in the food industry as food colourants and 
replacements for synthetic pigments (Petit-Paly et al. 1994, Cai et al. 2005, Herbach et 
al. 2006, Stintzing and Carle 2007). Due to their strong antioxidant activity, the potential 
health promoting properties of betalains have been intensely studied (Cai et al. 1998a, 
1998b, Escribano et al. 1998, Butera et al. 2002, Strack et al. 2003, Stintzing and Carle 
2004, Wang et al. 2006, Wu et al. 2006, Azeredo 2009, Nagatsu and Sawada 2009, 
Georgiev et al. 2010, Tenore et al. 2012, Gandia-Herrero and Garcia-Carmona 2013, 
Vidal et al. 2014, Gengatharan et al. 2015, Gandia-Herrero et al. 2016, Khan 2016). The 
metabolic pathway is also of interest as L-DOPA is a precursor for dopamine-mediated 
biosynthesis of high value metabolites (Kuklin and Conger 1995, Solomon et al. 1996, 
Kulma and Szopa 2007, Nomura and Kutchan 2010, Beaudoin and Facchini 2014, 
Ehrenworth and Peralta-Yahya 2017). Other studies with betalains have explored their 
potential use in dye-sensitized solar cells, textile dyes, chemical biosensors and as 
fungicides (Zhang et al. 2008, Sivakumar et al. 2009, Calogero et al. 2012, Guesmi et 
al. 2012, DeLoache et al. 2015, Cabanes et al. 2016, Polturak et al. 2016, 2017, 
Gannesan and Karthik 2017). 
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CHAPTER 3 
 
3.0 MATERIALS AND METHODS 
3.1 Plant Materials and Growth Conditions 
Seeds of red and green varieties of Amaranthus blitum were obtained locally 
from Mr. M. P. M. Nair (Low Light Tolerant Plants, LLT® Plants Inc.) and stored at 4°C 
until use. Seeds were germinated in 10 cm pots (Kord Products, Toronto, ON, Canada) 
containing Sungrow Sunshine LG3 Mix Germinating soil medium (Sun Gro Horticulture 
Canada Limited, Seba Beach, AB, Canada). The soil medium was placed in a container 
and watered to field capacity. Pots were filled to 15 mm from the top and seeded with 4 
to 5 seeds approximately 1 mm below the soil surface. Pots were placed in a plastic tray 
and covered with a transparent plastic lid to maintain the humidity. On the third day the 
cover was removed. Seedlings were thinned on the eighth day after sowing (DAS) to 
one seedling per pot. Plants were watered with plain tap water as required and 
beginning on day 11, a fertilizer solution (1 g/L, NPK, 20-20-20) was used (Plant 
Products Inc., Leamington, ON, Canada). 
 Plants were grown in controlled environment chambers (Conviron Model E8H, 
Controlled Environments Limited, Winnipeg, MB, Canada), with light provided by 
fluorescent lamps (T8HO; Philips Electronics Ltd, Markham, ON, Canada), in the 
University of Saskatchewan, College of Agriculture and Bioresources Phytotron facility. 
The chamber settings were 25/22°C (day/night) temperatures with a relative humidity 
(RH) of 50% and a 16/8 h (light/dark) cycle. Irradiance values were adjusted to 500 or 
70 μmolm-2 s-1PPFD at pot level determined using a light meter (LI-250; Li-Cor 
Biosciences, Lincoln, NE, USA) and light sensor (MULT-164.47, LI-Cor, Inc). The 500 
μmol m-2 s-1 PPFD was referred to as the HL growth irradiance, and 70 μmol m-2 s-1 
PPFD as the LL growth irradiance. All experiments were performed on fully expanded 
fourth leaves as determined by growth analyses (see section 3.2) unless otherwise 
indicated. Sampling occurred at similar times after the start of the photoperiod. 
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3.2 Growth Analyses 
3.2.1 Absolute Growth Parameters 
The aerial portions of the whole plant were cut at the base of the stem and fourth 
leaves were harvested for the determination of fresh weight (FW) and dry weight (DW). 
Fresh weight was determined using an analytical balance (NewClassic MF, model 
MS204S; Mettler Toledo, Langacher, Greifensee, Switzerland). Samples were placed in 
a drying oven (Precision Scientific Thelco, Model 17, Boston, USA) for a minimum of 48 
h at 115°C or until constant weight was obtained for the determination of DW. Leaf 
water content was estimated as described by Ceccato et al. (2001) as: 
  
Leaf Water Content (%) = ((FW-DW)/FW) * 100 
 
The leaf area (LA) of the fourth leaf was obtained using Fiji-ImageJ, a distribution 
of the popular Open Source software ImageJ (National Institute of Health, USA; 
Schindelin et al. 2012, Rueden et al. 2017). For all growth parameters under HL, the 
sampling interval occurred daily from the 16th to the 26th DAS and at LL the sampling 
period was at three or five day intervals, depending on plant growth rate, from the 28th 
to the 55th DAS. 
 
3.2.2 Relative Growth Parameters 
 The aerial portions of the whole plant and fourth leaf relative growth rates 
(RGRs) were calculated over the entire sampling period of the plant or fourth leaf which 
corresponded with 10 days under HL (from 16th to the 26th) and 27 days under LL (from 
28th to the 55th), as described by Hoffmann and Poorter (2002) using the equation: 
 
RGR = (lnDW2-lnDW1)/(t2-t1) 
 
where DW represents dry weight and t represents time. 
 Specific leaf area (SLA) was calculated for the fourth leaf as LA/DW, where LA 
represents leaf area and DW represents dry weight. 
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3.3 Photosynthetic Measurements 
3.3.1 Photosynthetic O2 Evolution 
Leaf discs (10-cm2) from fourth leaves were used for the determination of 
photosynthetic O2 evolution. Measurement occurred in the gas phase at 25°C with an 
electrode chamber (model LD2; Hansatech Instruments Ltd., King’s Lynn, UK) as 
described by Gray et al. (1994). Before collecting any data, the electrode 
responsiveness was tested and calibrated according to the manufacturer’s instructions 
(Hansatech Intruments LTD., 2006). The data were collected using an Oxylab control 
unit (Hansatech) along with O2view software (v 2.06, Hansatech). Light-response 
curves were generated by using a LH36/2R light source (Hansatech) which provided 10 
irradiance values from 0 to 650 μmol m-2 s-1 PPFD (0, 10, 35, 50, 70, 125, 250, 375, 
500, 650) over a 30 min period. The temperature was maintained at 25°C by using a 
circulating water bath (model RC6 CS; Lauda Dr. R. Wobser GmbH and Co. KG, 
Lauda-Königshofen, Germany) and CO2 was provided from capillary matting saturated 
with 1.0 M NaHCO3.  
 Several photosynthetic parameters were derived by using the O2view software 
(Hansatech) and the O2 evolution light-response curves (see Fig. 2.2), as described by 
Walker (1987). The PmaxO2 corresponded with the upper asymptote of the hyperbolic 
light-response curve. The LCP was calculated as the x-intercept, which represents the 
irradiance at which the rate of photosynthesis equals the rate of respiration. The LSP 
represents the inflection point of the curve, which indicates at which irradiance the 
photosynthesis saturates. The Rdark was calculated as the y-intercept of the curve and 
represents the rate of O2 efflux for plant metabolism in the dark, while the appO2 was 
calculated from the slope of the light response curve in the light-limiting portion (from 10 
to 125 μmol m-2 s-1 PPFD) and represents the amount of O2 evolved per total number of 
quanta received.  
 
3.3.2 Chlorophyll Fluorescence 
Chlorophyll a steady-state fluorescence quenching parameters were determined 
in planta on detached fourth leaves at room temperature using a PAM-2000 portable 
chlorophyll fluorometer (Heinz Walz GmbH, Effeltrich, Germany) as described by Baerr 
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 et al. (2005).  
 Leaves were dark-adapted for 10 min prior to the onset of measurement. Minimal 
fluorescence in the dark-adapted state (F0) was determined by subjecting the leaf 
sample to a weak measuring beam. A saturating pulse of light for 800 ms was used to 
determine the maximal fluorescence in the dark-adapted state (Fm). The leaves then 
were exposed to an actinic light that was superimposed with sequential applications of a 
saturation pulse followed by far-red (FR) light until a steady-state level of fluorescence 
(Fs) was achieved (approximately 15 min). The actinic light applications corresponded to 
the growth irradiance at HL and LL (500 or 70 μmol m-2 s-1 PPFD). The applications of 
saturating pulses gave the maximal fluorescence (Fm') in the light-adapted state. 
Minimal fluorescence in the light-adapted state (F0') was determined immediately after 
turning off the actinic source in the presence of FR background light for 4 s to ensure 
maximal oxidation of PSII electron acceptors. WinControl software (ver 2.00f; Heinz 
Walz) was used to control the timing, settings and trigger signals for the various actinic 
and saturating pulse light sources. Fluorescence traces were captured and analysed 
using the WinControl software. 
 The maximal photochemical efficiency of PSII was calculated as (Fv/Fm = (Fm-
F0)/Fm) while the effective quantum yield of PSII (PSII) was calculated as (PSII = Fm'-
Fs)/Fm' (Genty et al. 1989). Non-photochemical quenching was calculated as (NPQ = 
(Fm-Fm')/Fm') according to Bilger and Schreiber (1986) and the qL was determined 
according to Kramer et al. (2004) as (qL = (Fm'-Fs)/(Fm'-F0') x F0'/ Fs). The ETR was 
estimated according to Schreiber et al. (1994) as (ETR = PSII x I x 0.42), where I is the 
incident PPFD on the leaf and 0.42 is the product of the spectral absorbance of the leaf 
(84%) and the fraction of incident photons that are absorbed by PSII (50%). 
 
3.4 Photoinhibition of Photosynthesis 
Low temperature photoinhibitory treatments were performed by floating leaf discs 
(10-cm2) adaxial side up in a petri dish with deionized water. The samples were then 
exposed to an irradiance of 1450 μmol m-2 s-1 PPFD provided by a metal halide lamp 
(400W, E40 CLU1SL, Koninklijke Philips N.V., Amsterdam, Netherlands) in a cold room 
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at 2°C for 4 h. The irradiance was measured at the surface level of the samples using a 
light meter (LI-250A; Li-Cor, Inc.) and sensor (MULT-164.47, LI-Cor, Inc). 
Photoinhibition of photosynthesis was quantified by measuring changes in Fv/Fm with a 
PAM-2000 portable chlorophyll fluorometer (Heinz Walz) after dark adaptation for 10 
min. 
 
3.5 Pigment Determination 
3.5.1 Chlorophyll and Carotenoids 
Chlorophylls a, b and total Car content as sum of xanthophylls and carotenes 
(x+c) was determined spectrophotometrically from acetone extracts using a SmartSpec 
Plus spectrophotometer (Bio-Rad-Laboratories, Hercules, CA, USA). Leaf discs (10-
cm2) were cut using a borer and weighed to determine the FW. The samples were 
ground in 80% (v/v) pre-chilled acetone (HPLC Grade; EMD Millipore, Darmstadt, 
Germany) with a pre-chilled mortar and pestle with sand (EM Science, Merck KGaA, 
Darmstadt, Germany) until homogeneous. The slurry was transferred to 50 or 15 mL 
tubes (Sarstedt Inc. Montreal, Canada) and centrifuged for 10 min at maximum speed 
(4,500 rpm) at room temperature (Beckman Coulter, Allegra™ 21 Centrifuge, Brea, CA, 
USA). The supernatant was removed and absorbance measured at A663, A646, and A470. 
Chlorophyll and Car pigments were calculated using the equations of Lichtenthaler and 
Welburn (1983) and expressed on a leaf FW or area basis. 
 
3.5.2 Betalains 
Betalains were determined spectrophotometrically from methanol extracts using 
a SmartSpec Plus spectrophotometer (Bio-Rad-Laboratories). Leaf discs (10-cm2) were 
cut as described in section 3.5.1. The samples were ground in 80% (v/v) pre-chilled 
methanol (HPLC Grade; EMD Millipore) with a pre-chilled mortar and a pestle and sand 
(EM Science) until homogeneous. The slurry was transferred to 15 mL tubes (Sarstedt 
Inc. Montreal, Canada) and centrifuged for 10 min at maximum speed (4,500 rpm) at 
room temperature (Beckman Coulter). The supernatant was removed and absorbance 
measured at 538 nm for betacyanins and at 470 nm for betaxanthins. Betacyanin and 
betaxanthin contents were calculated based on the molecular extinction coefficients for 
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betanin (60,000 L mol-1 cm-1 in H2O) and vulgaxanthin (48,000 L mol-1 cm-1 in H2O) 
respectively (Cai 1998c, Kugler et al. 2004, 2007) and expressed on a leaf FW or area  
basis. Total betalain content was determined as the sum of betacyanin and betaxanthin. 
 
3.6 Microscopy 
3.6.1 Leaf Surface Structures 
Leaf imprints were collected from the adaxial and abaxial sides of the fourth leaf 
on Suzuki’s Universal Micro-Printing (SUMP) discs (Sump Laboratory, Tokyo, Japan) as 
described by Tanaka et al. (2005). A thin and uniform layer of the nitrocellulose solution 
(liquid SUMP) was applied on one side of the SUMP disc, which then was pressed on 
the leaf surface of interest. Afterwards, the leaf imprints were secured with double-sided 
tape on a glass plate for further analyses. The samples are permanent and do not 
require any other treatment. The leaf imprints were analysed on an inverted microscope 
EVOS FL (Mill Creek, Washington, United States). Six to nine fields of view were 
collected from each disk-imprint. The images were collected with a designated scale 
which allowed for the calculation of stomatal, trichome and epidermal cell densities 
defined as the number of stomata, trichomes or EC present per unit area of the leaf. 
The collected images from the imprints allowed for the determination of the type of 
stomata and trichomes that are present on the leaves. The stomatal index (SI) was 
calculated according to Salisbury (1928) as described by Royer (2001) as: 
 
SI (%) = (stomatal density/(stomatal density + epidermal cell density)) * 100) 
 
The images were analysed with Fiji-ImageJ public domain software (Schindelin et al. 
2012, Rueden et al. 2017). 
 
3.6.2 Leaf Anatomy 
Leaf transverse and longitudinal sections (1 x 2 mm) were taken from the fourth 
leaf with a razor blade. The segments were either mounted in distilled water for 
observing betalain localization or fixed in 0.1 M cacodylate buffer (pH 7.4) containing 
2.5% (v/v) glutaraldehyde for 2 h at 4°C. Samples were then post-fixed with 2% (v/v) 
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osmium tetroxide in the same buffer for another 2 h at 4°C followed by dehydration in an 
ethanol series: 25, 50, 70, 90, 100% (v/v) combined with infiltration with propylene oxide 
(100%) and finally embedded in Eponate 12 medium (resin Epon 812, dodecenyl 
succinic anhydride (DDSA) hardener, nadic methyl anhydride (NMA) hardener, 
benzyldimethylamine (BDMA) accelerator). The polymerization occurred over night at 
60°C in a drying oven (Precision Scientific Thelco, Model 17, Bosron, USA) with 
modifications described by Hong et al. (2005). 
 Semi-thin leaf transverse sections (1.0 µm thick) were obtained with glass knives 
on an ultramicrotome (Reichert Ultracut E, Leica, Vienna, Austria). Sections were 
stained with 1% (w/v) Toluidine Blue-O (TBO) in 1% (w/v) Na2B4O7 and observed under 
a light microscope (ZEISS AxioPlan, Carl Zeiss Microscopy GmbH, Jena, Germany). 
 Light micrographs were taken with a digital camera (ZEISS Axiocam 105 color) 
and the images were adjusted and assigned a scale through the imaging software (ZEN 
2, ZEISS AxioPlan). The images were analysed with Fiji-ImageJ (Schindelin et al. 2012, 
Rueden et al. 2017). Parameters obtained included area, perimeter and maximum (max) 
and minimum (min) diameter of the upper epidermal cells (UEC), upper mesophyll cells 
(UMC), BSC, lower epidermal cells (LEC), LMC, as well the LT, and UMC and LMC 
layer thickness.  
 
3.6.3 Cellular Organelles 
 Leaf material was prepared as described above in section 3.6.2. Leaf transverse 
sections (60 to 100 nm thick) were cut with a diamond knife on an ultramicrotome 
(Reichert Ultracut E). Sections were stained with 2% (w/v) aqueous uranyl acetate for 
30 min, followed by Reynolds’ lead citrate solution (Sigma-Aldrich, St. Louis, MO, USA; 
Reynolds 1963) and examined using a transmission electron microscope (TEM; Hitachi 
HT 7700, Tokyo, Japan). These data were used to demonstrate the localization of the 
chloroplasts, mitochondria and peroxisomes in the MC, BSC, vascular parenchyma 
cells (VPC) and companion cells (CC). Multiple fields of view were used to determine 
the area, perimeter, max and min diameter, as well revealed the shapes and 
arrangement of these organelles in the cells identified above. Analyses of chloroplast 
ultrastructure allowed measurement of appressed (App) and non-appressed (Non-App) 
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thylakoid length and area. Additionally, the area of the stroma was determined by 
subtracting the areas of thylakoid membranes, chloroplast features (CP, PR and CI), 
plastoglobuli, starch grains from chloroplast area. The length and area of App and Non-
App thylakoid membranes and the stroma in turn allowed determination of granal index 
(GI), thylakoids per granum, App and Non-App thylakoid density and total thylakoid 
density. The GI was calculated according to Voznesenskaya et al. (1999) as: 
 
GI (%) = (length appressed thylakoids/(length total thylakoids)) * 100) 
 
The measurements were analyzed with Fiji-ImageJ (Schindelin et al. 2012, 
Rueden et al. 2017) and the Trainable Weka Segmentation Plugin (Arganda-Carreras et 
al. 2017).  
 
3.7 Statistical Analyses and Experimental Design 
 The experiments were conducted in a completely randomized design in 
controlled environment chambers. Unless stated otherwise, each experiment consisted 
of three biological repetitions using three to six leaves from three to six individual plants. 
The data was analyzed by using descriptive statistics in Microsoft Excel (Microsoft 
Corporation, Redmond, WA, USA) and a one-way or two-way analysis of variance 
(ANOVA) in SigmaPlot 12 (Systat Software Inc. San Jose, CA, USA). Tests for 
normality (Shapiro-Wilk) and equal variance (Levene’s mean test) were performed at P 
= 0.05. If a significant difference was detected, a Holm-Sidak post-hoc test at P = 0.05 
was used to isolate the difference. 
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CHAPTER 4 
 
4.0 RESULTS 
4.1 Growth Analyses 
 Growth and development of Amaranthus blitum red and green varieties under HL 
and LL growth irradiance were noticeably different. Development under HL was very 
rapid and changes in phenotype were observable from one day to another (Fig. 4.1A, 
C). Both varieties illustrated a steep increase of aerial whole plant DW accumulation 
over time (Fig. 4.1A). The red variety grew and developed slightly faster than the green 
variety, which generated a slightly greater aerial whole plant DW accumulation during 
the 10 days sampling period than the green variety. The main difference between 
varieties under HL was the onset of the flowering period. Flowering in the red variety 
started at 25-26 days after sowing (DAS), while in the green variety started at 35-40 
DAS. 
Growth and development under LL were very slow for both varieties (Fig. 4.1B, 
D). Even after 55 DAS under LL, the aerial whole plant DW accumulation was 3.1- and 
1.9-fold lower in red and green varieties than under HL at 26 DAS, respectively. The 26 
DAS and 55 DAS represent the last day of sampling under HL and LL. However, the 
aerial whole plant DW accumulation between varieties during the 27 days sampling 
period demonstrated an opposite trend than under HL, with slightly greater 
accumulation in the green than in the red variety (Fig. 4.1A, B). Flowering under LL for 
either variety was not observed even after 80 DAS, at which point plants started to 
senesce. 
The fourth leaf was selected for analyses based on preliminary growth 
experiments (data not shown). The fourth leaf DW of the red variety continued to 
accumulate more than the green variety until 21 DAS, after which the green variety 
steeply increased until 26 DAS (Fig. 4.1C). At 26 DAS both varieties reached the 
plateau of expansion and DW accumulation (Fig. 4.1C).  
The fourth leaf DW accumulation under LL was gradual and slow, overall 
reflected similar trend as the aerial whole plant DW accumulation (Fig. 4.1B, C).  
The fourth LA at either growth irradiance (Fig. 4.2A, B) reflected similar trends as  
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Figure 4.1 Dry weight (DW) accumulation for red and green varieties of Amaranthus. 
Plants were grown under HL (A., C.) and LL (B., D.) and DW calculated for the whole 
plant (A., B.) and fourth leaf (C., D.). Whole plant DW was calculated as the total aerial 
portion of the plant. Values represent means ± SD (n = 3 to 8 leaves or plants). DAS, 
days after sowing; HL, high light; LL, low light; SD, standard deviation. 
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Figure 4.2 Leaf area (LA) and specific leaf area (SLA) for red and green varieties of 
Amaranthus. Plants were grown under HL (A., C.) and LL (B., D.). Leaf area (A., B.) 
and SLA (C., D.) were determined for the fourth leaf. Values represent means ± SD (n = 
3 to 8 leaves). DAS, days after sowing; HL, high light; LL, low light; SD, standard 
deviation. 
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the fourth leaf DW accumulation, respectively. A similar trend between the DW 
accumulation and LA indicated that both varieties exhibited restricted capacity to adjust  
the LA under LL. The SLA of the fourth leaf under HL and LL growth irradiance 
suggests that the LT of the red and green varieties were significantly greater under HL 
than under LL growth irradiance (Fig. 4.2C, D). 
 The plant height at the end of the sampling period under HL (26 DAS) in both 
varieties was lower than under LL (55 DAS) growth irradiance but differentially 
responsive. The height of the red variety under HL was approximately 1.7-fold greater 
than the green variety (Table 4.1). Under LL (55 DAS) there was no difference in either 
height or leaf number between varieties. In addition, the leaf count of both varieties was 
different among the growth irradiance. Leaf count in the red variety under HL was 
greater than under LL growth irradiance. In contrast, leaf count in the green variety was 
lower under HL than under LL growth irradiance. However, leaf count under HL in the 
red variety was 1.4-fold greater than in the green variety. In contrast, under LL both 
varieties accumulated similar numbers of leaves (Table 4.1). Plant water content 
remained relatively constant for the duration of the time examined with essentially no 
differences between red and green varieties under both irradiance conditions (data not 
shown). 
In order to sample at a consistent developmental phase, the DW and area of the 
fourth leaf was compared between varieties under HL growth irradiance over a 10 day 
sampling period (from 16 to 26 DAS) and under LL growth irradiance over 27 day 
sampling period (from 28 to 55 DAS). Based on these data, the optimal sampling times 
under HL for the fourth leaf was 20 and 23 DAS for the red and green Amaranthus 
varieties, respectively. Under LL, the optimal sampling time was determined to be 40 
DAS for both Amaranthus varieties. Based on phenotypical observations (Fig. 4.3) and 
growth kinetics (Fig. 4.1, Fig. 4.2) both varieties under HL and LL growth irradiance at 
the sampling day appeared to be at similar growth stages. The relative growth rate 
(RGR) of the aerial whole plant in the red variety under HL growth irradiance was 
greater than in the green variety. However, the leaves of the green variety were 
significantly larger than in the red variety. Under LL growth irradiance, this trend was not 
observed as the growth and development in general was gradual and slow (Table 4.2). 
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Table 4.1 Plant height and number of accumulated leaves for the red and green 
varieties of Amaranthus grown under HL and LL. Plant material was collected at the end 
of sampling for growth kinetics under HL (26 DAS) and LL (55 DAS) conditions. Values 
followed by different letters in each column indicate a significant difference at P = 0.05 
using a Holm-Sidak post-hoc test. Values represent means ± SD (n = 3 to 6 plants). 
DAS, days after sowing; HL, high light; LL, low light; SD, standard deviation. 
 
Growth Irradiance 
 and Variety 
Plant Height  
(cm) 
Leaf Count  
(#) 
HL Red 16.17 ± 0.29b 17.67 ± 0.58a 
HL Green 9.67 ± 0.47c 13.00 ± 0.00c 
LL Red 25.97 ± 1.15a 16.33 ± 0.58b 
LL Green 23.85 ± 2.30a 16.50 ± 0.84b 
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Figure 4.3 Phenotypic comparisons of Amaranthus. The red (A., C.) and green (B., D.) 
varieties of Amaranthus were grown under HL (A., B.) and LL (C., D.). The photographs 
were taken at 20 and 23 DAS for the red and green varieties under HL respectively and 
at 40 DAS at LL. Representative images are shown. DAS, days after sowing; HL, high 
light; LL, low light. 
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Table 4.2 Relative growth rates (RGR) for red and green varieties of Amaranthus grown 
under HL and LL. RGR was calculated for the period 16 to 20 DAS for HL red, 16 to 23 
DAS for HL green and 28 to 40 DAS for LL red and green. Values were calculated 
based on the mean of dry weight (DW; Fig. 4.1). Values followed by different letters in 
each column indicate a significant difference at P = 0.05 using a Holm-Sidak post-hoc 
test. Values represent means ± SD (n = 3 to 6 leaves or plants). DAS, days after 
sowing; HL, high light; LL, low light; SD, standard deviation. 
 
Growth Irradiance  
and Variety 
Whole Plant RGR 
(g g-1 day-1) 
4th Leaf RGR 
(g g-1 day-1) 
HL Red 0.47 ± 0.06a 0.36 ± 0.06b 
HL Green 0.33 ± 0.02b 0.54 ± 0.02a 
LL Red 0.14 ± 0.04c 0.16 ± 0.03d  
LL Green 0.21 ± 002c 0.24 ± 0.01c 
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4.2 Photosynthesis 
The photosynthetic performance of both varieties was evaluated based on the 
parameters derived from O2 evolution curves (Fig. 4.4A., Table 4.3) and Chl 
fluorescence measurements (Table 4.4). The appO2 and PmaxO2 in both varieties was 
greater in plants grown under HL than under LL growth irradiance. The red variety 
under HL exhibited a 3.9- and 5.2-fold greater values of appO2 and PmaxO2 than under 
LL. A similar trend was observed for the green variety, with 3.5- and 3.4-fold greater 
values of appO2 and PmaxO2 than under LL (Table 4.3). The Rdark and LCP was 3.2- and 
1.2-fold greater only in the red variety when compared with their counterparts grown 
under LL growth irradiance. Photosynthesis under HL growth irradiance in the red 
variety did not saturate even at 650 µmol m-2 s-1 PPFD, in contrast to the green variety 
which was saturated at approximately 380 µmol m-2 s-1 PPFD (Table 4.3). The LSP in 
the red variety for further comparision was used as 650 µmol m-2 s-1 PPFD. The LSP 
was 1.7-fold greater in the red variety under HL than under LL growth irradiance (Table 
4.3).  
Under HL growth irradiance, the red variety demonstrated a 1.2- and 1.5-fold 
greater values of appO2 and PmaxO2 than the green variety. Additionally, the Rdark and 
LCP were also greater by a 2.1- and 1.3-fold than the green variety. The LSP in red 
occurred at 1.7-fold greater values of irradiance than in the green variety. However, 
under LL growth irradiance there were no differences in any of the measured 
parameters between varieties with exception for LSP, which were slightly greater in the 
red variety (Table 4.3). 
Chlorophyll fluorescence measurements showed no differences in Fv/Fm or qL 
either between varieties or growth irradiance (Table 4.4). However, the NPQ values 
were 1.7- and 1.9-fold greater under HL for the red and green varieties, respectively. 
Similarly, the ETR was 5.3- and 5.8-fold greater for the red and green varieties, 
respectively under HL conditions (Table 4.4).  
 
4.3 Photoinhibition 
Exposure to a photoinhibitory irradiance (1450 µmol m-2 s-1) at 2°C for 4 hours  
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Figure 4.4 Photosynthesis and photoinhibition in red and green varieties of 
Amaranthus. Light response curves of O2 evolution (A.) and photoinhibition (B.) were 
determined in the fourth leaves of plants grown under HL and LL. Values represent 
means ± SE (n = 3). Photoinhibition occurred at 2C with a PPFD of 1450 µmol m-2 s-1 
and was assessed by monitoring Fv/Fm over time. Fv/Fm, maximal photochemical 
efficiency of PSII; HL, high light; LL, low light; PPFD, photosynthetic photon flux density; 
PSII, photosystem II; SE, standard error.  
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Table 4.4 Steady-state chlorophyll fluorescence parameters for red and green varieties 
of Amaranthus grown under HL and LL. Values represent means ± SE (n = 3). Values 
followed by different letters in each row indicate a significant difference at P = 0.05 using 
a Holm-Sidak post-hoc test. ETR, linear electron transport rate through PSII; Fv/Fm, 
maximal photochemical efficiency of PSII; HL, high light; LL, low light; NPQ, non-
photochemical quenching; PSII, photosystem II; qL, coefficient of photochemical 
quenching; SE, standard error; PSII, effective quantum yield of PSII electron transport.  
 
Parameters Growth Irradiance and Variety 
HL Red HL Green LL Red LL Green 
Fv/Fm 0.75 ± 0.02a 0.74 ± 0.01a 0.76 ± 0.01a 0.76 ± 0.002a 
 
NPQ 0.79 ± 0.07a 0.83 ± 0.07a 0.46 ± 0.01b 0.44 ± 0.02b 
 
qL  0.76 ± 0.04a 0.82 ± 0.05a 0.90 ± 0.01a 0.85 ± 0.02a 
 
PSII 0.48 ± 0.02
b 0.50 ± 0.03b 0.59 ± 0.01a 0.60 ± 0.01a 
 
ETR  81.45 ± 2.70a 83.76 ± 3.64a 15.35 ± 0.22b 14.46 ± 0.51b 
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(Fig. 4.4B) demonstrated that the red variety exhibited increased tolerance to 
photoinhibition in comparison to the green variety when measured as Fv/Fm. When 
grown under HL, the red variety showed only a 20% loss of Fv/Fm while the green 
variety exhibited a 59% loss. Similarly, plant growth under LL resulted in 45 and 79% 
losses of Fv/Fm in the red and green varieties, respectively (Fig. 4.4B).  
 
4.4 Pigments 
4.4.1 Chlorophyll and Carotenoids 
Photosynthetic pigment analysis under HL conditions revealed the red variety 
had a 2.5- and 2.6-fold higher content of total Chl and Car, respectively, compared to 
the green variety on an area basis (Fig. 4.5A, B). A similar trend was observed under LL 
conditions with the red variety showing 1.8- and 2.2-fold greater increase in total Chl 
and Car, respectively (Fig. 4.5A, B). However, the Chl a/b ratio was not statistically 
different between varieties at either growth irradiance (Fig. 4.5C). 
Chlorophyll/carotenoid ratios were the same for the red variety at either growth 
irradiance and the green variety only under HL conditions (Fig. 4.5D). The Chl/Car ratio 
was 23% lower in the red variety than the green variety under LL conditions (Fig. 4.5D). 
With respect to growth irradiance, only the green variety expressed a decrease (25%) at 
HL compared to LL conditions (Fig. 4.5D). The responses were similar when expressed 
on a FW basis (see Table A1). 
 
4.4.2 Betalains 
The betalain pigments were significantly greater in the red variety at both growth 
irradiance either on a LA or FW basis (Fig. 4.6; Table A2). On an area basis, a 4.7- and 
3.5-fold increase was shown in the red variety over the green variety under HL and LL 
growth irradiance, respectively (Fig. 4.6A). Specific profiling of the betalains indicated in 
the red variety under HL growth irradiance that the total betalain content consisted of 
52% betacyanins and 48% betaxanthins and under LL conditions, 40% betacyanins and 
60% betaxanthins. However, in the green variety, about 92% of the total betalains were 
attributable to betaxanthins under both HL and LL irradiance (Fig. 4.6B). With respect to 
growth irradiance, the content of betalain in the red variety was greater when plants   
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Figure 4.5 Pigment analyses for red and green varieties of Amaranthus based on leaf 
area. Total chlorophyll (A.), total carotenoid (B.), chlorophyll a/b ratios (C.) and 
chlorophyll/carotenoid ratios (D.) were determined from the fourth leaves of plants 
grown under HL and LL. Values represent means ± SE (n = 3). The letters above each 
bar indicate a significant difference at P = 0.05 using a Holm-Sidak post-hoc test. HL, 
high light; LL, low light, SE, standard error. 
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Figure 4.6 Total betalain content for red and green varieties of Amaranthus based on 
leaf area. Total betalain (A.) is the sum of betaxanthin and betacyanin pigments (B.). 
The fourth leaves of plants grown under HL and LL were sampled. The letters above 
each bar indicate a significant difference at P = 0.05 using a Holm-Sidak post-hoc test. 
In panel (B.), uppercase letters refer to betaxanthin and lowercase letters refer to 
betacyanin pigments. Values represent means ± SE (n = 3). HL, high light; LL, low light; 
SE, standard error.  
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were grown under HL. In contrast, the content of betalins in the green variety was 
similar at either growth irradiance. When expressed on FW basis, a similar trend was 
observed among varieties and growth irradiance (Table A2). 
The localization of betalain pigments in the leaf in both varieties is shown in Fig. 
4.7, with higher accumulation primarily on the abaxial side of the leaf blade at either 
growth irradiance. 
 
4.5 Leaf Anatomy 
4.5.1 Stomata and Trichomes 
Leaf imprints were collected and used for the calculation of the stomatal index 
(SI) and stomatal and trichome density (Table 4.5, Table A3; Fig. 4.8-4.10, Fig. A1-A3). 
Among varieties, the SI on the adaxial side of the leaf were significantly different at 
either growth irradiance. The red variety exhibited 1.3- and 2.5-fold greater values than 
the green variety at HL and LL, respectively (Table 4.5). Despite this, the SI on the 
abaxial side of the leaf were not significantly different between varieties when plants 
were grown at HL and 1.2-fold greater in the green than in the red variety when grown 
under LL growth irradiance. However, with respect to growth irradiance, the red variety 
abaxial SI exhibited a 1.4-fold increase under HL compared to LL growth irradiance 
(Table 4.5) and the green variety exhibited 1.2-fold greater value under HL than under 
LL growth irradiance, respectively (Table 4.5). In the green variety, changes in the SI 
between the adaxial and abaxial sides of the leaf, at both HL and LL, were as a result of 
changes in stomatal density (Table A3). In addition, the red and green varieties 
possessed anomocytic type stomata. 
 Trichome density under HL growth irradiance in the red variety was 
approximatively 2-fold lower on the adaxial side and 2-fold greater on the abaxial side in 
comparison with the green variety (Table 4.5; Fig. 4.9). Under LL growth irradiance, no 
significant difference in trichome density was observed between the varieties on either 
side of the leaf. With respect to growth irradiance, the trichome density in the red variety 
was greater only on the abaxial side when plants grew under HL growth irradiance. In 
contrast, in the green variety trichome density was greater only on the adaxial side 
when plants were grown under HL growth irradiance. Furthermore, both varieties  
 
56 
 
 
 
Figure 4.7 Transverse and longitudinal sections from leaves of Amaranthus plants 
showing betalain accumulation and localization. The red (A., C.) and green (B., D.) 
varieties of Amaranthus were grown under HL (A., B.) and LL (C., D.). The fourth leaves 
were sampled and freehand sections obtained with a razor blade, mounted in deionized 
water and observed under a light microscope. Transverse sections are shown for HL 
material (A., B.) and longitudinal sections for LL material (C., D.). Scale bars indicate 50 
µm. Representative images are shown. BSC, bundle sheath cell; HL, high light; LEC, 
lower epidermal cell; LL, low light; LMC, lower mesophyll cell; UEC, upper epidermal 
cell; UMC, upper mesophyll cell; VB, vascular bundle. 
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Table 4.5 Leaf stomatal index and trichome density for red and green varieties of 
Amaranthus. Leaf imprints were obtained from fourth leaves of plants grown under HL 
and LL and used for the calculation of the stomatal index and trichome density. Values 
followed by uppercase letters in each column and lowercase letters in each row indicate 
a significant difference at P = 0.05 using a Holm-Sidak post-hoc test. Values represent 
means ± SE (n = 3 leaves, each consisting of 5 fields of view). HL, high light; LL, low 
light; SE, standard error. 
 
Parameters 
and  
Localization 
Growth Irradiance and Variety 
HL Red HL Green LL Red LL Green 
Stomatal Index (%)    
Adaxial 16.41 ± 1.10aB 12.54 ± 1.19bB 16.24 ± 0.11aA 6.03 ± 0.64cB 
 
Abaxial 22.60 ± 0.28aA 22.45 ± 0.91aA 15.98 ± 2.00cA 19.11 ± 1.04bA 
 
Trichome Density (#/mm2)    
Adaxial 1.55 ± 0.12bB 2.92 ± 0.33aA 1.43 ± 0.12bA 1.83 ± 0.14bA 
 
Abaxial 2.70 ± 0.21aA 1.43 ± 0.09bB 1.29 ± 0.05bA 1.21 ± 0.02bB 
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Figure 4.8 Distribution of stomata for Amaranthus grown under HL. Fourth leaves of  
the red (A., C.) and green (B., D.) varieties were analyzed on the adaxial (A., B.) and 
abaxial (C., D.) leaf surfaces. The insert (E.) shows a close up of the anomocytic 
stomatal complex. Scale bars indicate 200 µm. Representative images are shown. AS, 
anomocytic stomata; HL, high light; LL, Low light. Results under LL growth irradiance 
are presented in Fig. A1. 
 
. 
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Figure 4.9 Distribution of trichomes for Amaranthus grown under HL. Fourth leaves of 
the red (A., C.) and green (B., D.) varieties were analyzed from imprints taken on the 
adaxial (A., B.) and abaxial (C., D.) leaf surfaces. Trichomes are indicated by arrows. 
Scale bars indicate 1 mm. Representative images are shown. HL, high light; LL, Low 
light. Results under LL growth irradiance are presented in Fig. A2. 
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possess short and tall glandular trichomes that are multicellular and uniseriate (Fig. 
4.10, Fig. A3). 
 
4.5.2 Leaf Structure 
The images from Fig. 4.11 illustrate that both varieties exhibited features typical 
of NAD-ME type C4 dicot plants, with the BSC containing numerous chloroplasts in the 
centripetal position around the vascular bundle (VB). Based on transverse leaf sections, 
both varieties possessed a differentiation of mesophyll tissue in the palisade 
parenchyma (UMC or referred to as adaxial mesophyll layer) and spongy parenchyma 
(LMC or referred to as abaxial mesophyll layer), indicating increased intercellular space 
when compared with UMC. 
Under HL, both varieties exhibited greater area of all cell types than at LL growth 
irradiance, with the exception of UMC areas in the green variety, which were similar. 
BSC areas in red and green varieties were 1.8- and 1.9-fold greater under HL than 
under LL, respectively (Table 4.6). Under HL, UMC area in the red variety was 1.7-fold 
greater than in the green variety. The UMC area in the red variety was 1.9- fold greater 
under HL than under LL. Under HL, LMC area in the red variety was 1.9-fold greater 
than in the green variety. The LMC in the red variety under HL was 2.8-fold greater than 
under LL growth irradiance. Under HL an increased LEC area was found in both 
varieties with a greater area in the red variety than the green variety. Overall, all these 
area increases of different cell types in the red over the green variety contributed to a 
slightly greater LT in the red than in the green. In contrast, under LL both varieties 
exhibited similar area of all cell types, which also resulted in a similar LT (Table 4.6; Fig. 
4.11).  
Distribution of the number of BSC around the VB was similar between varieties 
under HL and also between varieties under LL growth irradiance (Table 4.7). However, 
with respect to the growth irradiance, the red and green varieties had about a 1.4-fold 
greater number of BSC around the VB under HL than under LL growth irradiance (Table 
4.7). 
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Figure 4.11 Transverse sections of fourth leaves from Amaranthus. The red (A., C.) 
and green (B., D.) varieties of Amaranthus were grown under HL (A., B.) and LL (C., 
D.). Scale bars indicate 50 µm. Representative TBO staining images are shown. BSC, 
bundle sheath cell; HL, high light; IAC, intercellular air space; LEC, lower epidermal cell; 
LL, low light; LMC, lower mesophyll cell; TBO; Toluidine blue O; UEC, upper epidermal 
cell, UMC, upper mesophyll cell; VB, vascular bundle.  
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Table 4.6 Average area of different cell types measured from transverse sectioned 
fourth leaves of the red and green varieties of Amaranthus grown under HL and LL. 
Values represent means ± SE (n = 3 leaves). One transverse section containing 2 
vascular bundles (VB) was obtained for each leaf. Values followed by different letters in 
each row indicate a significant difference at P = 0.05 using a Holm-Sidak post-hoc test. 
BSC, bundle sheath cell; HL, high light; IAS, intercellular air space; LEC, lower 
epidermal cell; LL, low light; LMC, lower mesophyll cell; LT, leaf thickness; SE, standard 
error; UEC, upper epidermal cell; UMC, upper mesophyll cell.  
 
Cell Type  Growth Irradiance and Variety/ Cell Area (µm2) 
HL Red HL Green LL Red LL Green 
UEC  515.94 ± 23.37a 448.71 ± 36.26a 256.87 ± 66.62b 313.79 ± 27.52b 
 
LEC  477.23 ± 30.29a 392.95 ± 29.07b 229.72 ± 12.41c 182.92 ± 28.77c 
 
UMC  590.35 ± 91.68a 350.11 ± 29.72b 311.43 ± 32.03b 315.88 ±14.41b 
 
LMC  356.79 ± 70.75a 185.48 ± 2.66b 127.08 ± 6.27c 106.94 ± 7.74c 
 
BSC  705.35 ± 10.27a 
 
668.43 ± 70.90a 399.00 ± 35.28b 358.98 ± 34.14b 
 
VB  1340.37 ± 221.37a 867 20 ± 47.42b 389.00 ± 29.75c 234.85 ± 14.42c 
 
IAS (%)  18.38 ± 2.87b 
 
19.28 ± 1.47b 26.33 ± 2.68a 28.88 ± 1.00a 
 
LT (µm) 175.07 ± 1.77a 164.42 ± 4.26b 100.94 ± 4.19c 102.25 ±1.03c 
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4.5.3 Cellular Organelles 
4.5.3.1 Chloroplasts 
Distribution of number of chloroplasts per profile of a BSC in section under HL 
was 1.5- and 2.0-fold higher in red and green varieties than under the LL growth 
irradiance. Under HL, both varieties had similar numbers. In contrast, under LL growth 
irradiance, the red variety possessed 1.3-fold higher number of chloroplasts per BSC 
profile in section than the green variety (Table 4.7; Fig. 4.12). Moreover, it was 
observed that the shape of chloroplasts per BSC profile in section was also diverse 
between varieties under HL growth irradiance. The red variety appears to have longer 
chloroplasts than the green variety (Fig. 4.12; Table A5).  
The area of BSC chloroplasts increased by about 40% in the red variety under 
HL growth irradiance compared to the other treatments and varieties. In contrast, the 
area of MC chloroplasts was different only in the green variety at HL, with an 
approximately 50% decrease than the other treatments and varieties (Table 4.8; Fig. 
4.13). 
 
4.5.3.2 Mitochondria 
The area of mitochondria among the treatments, varieties and cell type was 
similar with the only difference observed in MC of the red variety under LL growth 
irradiance with an approximately 45% decrease than the other treatments and varieties 
(Table 4.8; Fig. 4.13).  
  
4.5.3.3 Peroxisomes 
The increased appearance of peroxisomes was observed only in the BSC of the 
green variety under either growth irradiance (Table.4.8; Fig. 4.14.). Their distribution 
varied from 1 to 6 peroxisomes per field of view under either growth irradiance. The 
results illustrated that area of peroxisomes was similar among the growth irradiance 
(Table 4.8; Fig. 4.14). 
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Table 4.7 Profiles of BSC in fourth leaves of the red and green varieties of Amaranthus 
grown under HL and LL. Values represent means ± SE (n = 3 leaves). One transverse 
section containing 2 vascular bundles (VB) was obtained for each leaf. Values followed 
by different letters in each row indicate a significant difference at P = 0.05 using a Holm-
Sidak post-hoc test. BSC, bundle sheath cell; C; chloroplast; HL, high light; LL, low light; 
SE, standard error.  
 
Parameter 
 
Growth Irradiance and Variety 
HL Red HL Green LL Red LL Green 
# BSC/VB 10.50 ± 0.58a 9.00 ± 0.01a 7.50 ± 0.01b 7.00 ± 0.29b  
# C/BSC 14.60 ± 0.44a 14.93 ± 0.41a 9.53 ± 0.55b 7.50 ± 0.32c 
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Table 4.8 Area of chloroplasts, mitochondria and peroxisomes from profiles of BSC and 
MC. Sections were obtained from the fourth leaves of the red and green varieties of 
Amaranthus grown under HL and LL. Values represent means ± SD (n = 7 to 54 
organells obtained from multiple fields of view). Values followed by different letters in 
each row indicate a significant difference at P = 0.05 using a Holm-Sidak post-hoc test. 
BSC, bundle sheath cell; HL, high light; LL, low light; MC, mesophyll cell; nd, not 
determined; SD, standard deviation. 
 
Organelle  
and  
Cell Type 
Organelle Area (µm2) 
Growth Irradiance and Variety 
HL Red HL Green LL Red LL Green 
Chloroplasts     
BSC  33.86 ± 17.10a 20.36 ± 8.59b 21.26 ± 9.30b 21.38 ± 7.19b 
 
MC 12.41 ± 2.82a 6.06 ± 2.86b 13.05 ± 4.45a 10.88 ± 4.90a 
     
Mitochondria     
BSC  0.94 ± 0.65a 0.86 ± 0.64a 1.23 ± 0.92a 1.34 ± 1.15a 
 
MC 0.50 ± 0.30a 0.62 ± 0.35a 0.28 ± 0.16b 0.48 ± 0.31a 
 
Peroxisomes     
BSC nd 0.70 ± 0.51a nd 1.02 ± 0.92a 
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Figure 4.14 Distribution of peroxisomes (P), mitochondria (M) and chloroplasts (C) in 
profiles of BSC. Sections were obtained from the fourth leaves of the green variety of 
Amaranthus grown under HL (A.) and LL (B.). The insert (C.) shows a close up of the 
crystalline core (CY). Scale bars indicate 5 µm. Representative images are shown. 
BSC, bundle sheath cell; HL, high light; LL, low light; S, starch granule. 
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4.6 Chloroplast Ultrastructure 
4.6.1 Thylakoid Membranes 
The ultrastructural quantitative parameters of the chloroplasts are shown in Table 
4.9 and Table A6 as well as the representative images shown in Fig. 4.15 and Fig. A5. 
The GI for BSC of the red variety under HL was 2-fold higher than that of its green 
counterpart (Table 4.9). There were essentially no changes in GI between varieties for 
BSC or MC under LL growth irradiance or MC under HL growth irradiance (Table 4.9). 
For the green variety, the GI was greater under LL conditions for both BSC and MC. 
This trend was also observed for MC in the red variety with the exception that the GI in 
BSC was greater under HL (Table 4.9). 
Overall, minimal differences were observed between varieties and treatments for 
appressed, non-appressed and total thylakoid densities (Table 4.9). The exception was 
the green variety grown under HL that showed a significant decrease in appressed 
thylakoid density in the BSC (Table 4.9). Generally, the trend indicated these values 
were higher in MC compared to BSC (Table 4.9). 
 Under HL growth irradiance, the red variety showed a 3.1-fold increase in the 
ratio of appressed/non-appressed thylakoids for BSC in comparison to the green 
variety. No varietal difference was observed under HL for MC (Table 4.9). Overall, HL 
growth irradiance resulted in lower ratios with the exception of HL red which increased 
1.5-fold compared to LL red. No difference was observed between varieties for BSC or 
MC when grown under LL (Table 4.9). 
 Thylakoids/granum in BSC and MC were significantly greater in the red variety 
compared to the green variety under HL (Table 4.9). Under LL, there was no difference 
in the BSC but the red variety showed an increase in the MC compared to the green 
variety. In the BSC, HL induced an increase in thylakoids/granum compared to LL for 
the red variety and a decrease for the green variety. In contrast, both varieties 
demonstrated decreases in this parameter for MC when grown under HL compared to 
LL (Table 4.9). 
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Table 4.9 Ultrastructural quantitative parameters of chloroplasts from profiles of BSC 
and MC. Sections were obtained from the fourth leaves of the red and green varieties of 
Amaranthus grown under HL and LL. Values followed by different letters in each row 
indicate a significant difference at P = 0.05 using a Holm-Sidak post-hoc test. Values 
represent means ± SD (n = 4 to 6 chloroplasts). BSC, bundle sheath cells; HL, high 
light; LL, low light; MC, mesophyll cells; SD, standard deviation. 
 
Parameters and  
Cell Type 
Growth Irradiance and Variety 
HL Red HL Green LL Red LL Green 
Granal Index (%) 
BSC 52.62 ± 6.33a 26.22 ± 2.46c 42.29 ± 7.93b 46.40 ± 7.59b 
MC 39.77 ± 5.82a 33.20 ± 6.64a 48.02 ± 4.97ab 48.55 ± 8.32b 
 
Appressed Thylakoid Density (µm/µm2) 
BSC 15.24 ± 2.93a 8.27 ± 1.77b 14.02 ± 4.87a 16.64 ± 6.08a 
MC 20.56 ± 9.62a 20.38 ± 7.56a 24.37 ± 6.96a 29.61 ± 7.39a 
 
Non-Appressed Thylakoid Density (µm/µm2) 
BSC 13.83 ± 3.31a 22.49 ± 3.33a 19.35 ± 6.90a 19.46 ± 6.45a 
MC 31.73 ± 13.63a 40.36 ± 9.12a 25.77 ± 3.30a 31.28 ± 6.49a 
 
Total Thylakoid Density (µm/µm2) 
BSC 29.07 ± 5.01a 30.53 ± 4.71a 33.37 ± 10.55a 36.10 ± 10.80a 
MC 52.29 ± 22.64a 60.73 ± 13.93a 50.14 ± 9.42a 60.90 ± 9.13a 
 
Thylakoids/Granum 
BSC 9.17 ± 2.67a 4.08 ± 1.21c 6.52 ± 1.11b 6.29 ± 0.61b 
MC 7.44 ± 2.22a 4.78 ± 0.56c 9.13 ± 1.74a 6.95 ± 1.39b 
 
Appressed/Non-Appressed Thylakoids 
BSC 1.14 ± 0.28a 0.37 ± 0.03c 0.76 ± 0.27b 0.90 ± 0.27b 
MC 0.67 ± 0.16b 0.51 ± 0.15b 0.94 ± 0.21ab 0.98 ± 0.30a 
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4.6.2 Chloroplast Features 
4.6.2.1 Peripheral Reticulum  
The peripheral reticulum (PR) type I and type II was found only in the green 
variety in the chloroplasts of BSC, MC, VPC and CC under HL (Fig. 4.16) and LL growth 
irradiance (Fig. 4.17). The images from the MC under LL conditions illustrated that the 
PR type II was more expressed than the type I. However, there was no difference in the 
area of these features among the growth irradiance (Table A6). 
 
4.6.2.2 Cytoplasmic Protrusions 
It was also observed that the green variety possessed structures that are best 
described as CP under HL (Fig. 4.16) and LL conditions (Fig. 4.17). The area of these 
features is combined with the area of PR, as their areas are difficult to differentiate 
accurately based on the resolution of the micrographs. Overall, there was no difference 
in the area of these features either between the cell type neither between the growth 
irradiance (Table A6). 
 
4.6.2.3 Crystalline Inclusions 
Crystalline inclusions (CI) were observed in the chloroplasts of the green variety. 
Under HL, few CI were observed but only in the BSC. However, under LL growth 
irradiance, many CI were observed in the BSC, and fewer were observed in the MC 
(Fig. 4.18). However, the CI/chloroplast area ratio did not detect any significant 
difference with respect to the growth irradiance (Table 4.10). 
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Figure 4.18 Distribution of crystalline inclusions (CI) from profiles of BSC. Sections 
were obtained from fourth leaves of the green variety of Amaranthus grown under HL 
(A.) and LL (B.). Scale bars indicate 5 µm at HL and 10 µm at LL. Representative 
images are shown. BSC, bundle sheath cell; C, chloroplast; CP, cytoplasmic protrusion; 
HL, high light; LL, low light; M, mitochondrion; P, peroxisome. 
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Table 4.10 Area of crystalline inclusions (CI) from profiles of BSC. Sections were 
obtained from the fourth leaves of the red and green varieties of Amaranthus grown 
under HL and LL. Values represent means ± SD (n = 3 to 7 chloroplasts). Values 
followed by different letters in each column indicate a significant difference at P = 0.05 
using a Holm-Sidak post-hoc test. BSC, bundle sheath cell; C, chloroplasts; HL, high 
light; LL, low light; SD, standard deviation. 
 
Growth Irradiance 
and Variety 
Area C 
(m2) 
Area CI  
(m2) 
Area CI/C 
HL Green BSC 22.24 ± 3.44a 1.70 ± 0.32a 0.08 ± 0.03a 
LL Green BSC 31.18 ± 11.73a 2.21 ± 0.97a 0.07 ± 0.03a 
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CHAPTER 5 
 
5.0 DISCUSSION 
 Excess irradiance has the potential to cause an imbalance between the light 
energy absorbed through photochemistry versus the energy utilized through 
metabolism. The balance of these processes is known as photostasis. Maintaining 
photostasis involves adjustments at the level of the source (energy supplied) and at the 
level of the sink (energy utilized) or both (Hüner et al.1998, 2003, Ensminger et al. 2006, 
Wilson et al. 2006, Biswal et al. 2011). The inability to restore photostasis will result in 
photoinhibition, defined as a light dependent decrease in quantum yield () and/or Pmax 
(Krause 1988, Osmond 1994, Gray et al. 1996). The extent of photoinhibition is 
determined by the rate of photodamage of the PSII reaction center D1 protein and its 
repair (Takahashi and Badger 2011). Photoacclimation is the process in which plants 
respond to the prevailing environment to maximize photosynthesis under light-limiting 
conditions and photoprotection under conditions where light is excessive. Several 
regulatory and photoprotective strategies have evolved to ensure photoacclimation. A 
universal mechanism is that of NPQ, a complex process involving the dissipation of 
excitation energy as heat (Demming-Adams and Adams 1992, Horton and Ruban 
2004). Changes at the morphological level are also involved in photoacclimation 
including increases in leaf area and thickness (Mishra et al. 2012), changes in cell 
tissue layers (epidermal, palisade mesophyll) (Kim et al. 2005) and SI and trichome 
density.  
 This thesis examines the photoacclimation responses to HL and LL growth 
irradiance in the red and green varieties of Amaranthus blitum. Important findings are 
grouped into three categories; photosynthetic responses to growth irradiance, a role for 
betalains in photoprotection, as well as anatomical and ultrastructural mechanisms of 
photoacclimation. 
 
5.1. Photosynthetic Responses to Growth Irradiance 
Growth and development of both red and green varieties under HL were 
markedly faster, resulting in a greater plant biomass accumulation than under LL growth 
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irradiance. This findinding has been reported previously for photoacclimation in many 
species (Boardman 1977, Givnish 1988). Under HL growth irradiance, the red variety 
grew faster, resulting in increased height and leaf count per plant than in the green 
variety; however, the fourth LA was greater in the green variety than in the red variety. 
Under LL growth irradiance, both varieties had a similar rate of growth. 
In both varieties of Amaranthus, in plants grown under HL, the fourth leaf of the 
red and green varieties exhibited 2.2- and 4.1-fold greater LA, respectively than under 
LL. This was unexpected since it is generally recognized that the LA under LL are 
greater than in plants grown under HL growth irradiance (Björkman et al. 1981, 
Lichtenthaler 1981, Li et al. 2014). Leaf thickness (LT), as mentioned above are usually 
greater under HL growth irradiance (Björkman 1981). The red and green varieties 
exhibited significantly greater LT under HL compared to LL growth irradiance. Similar 
responses were illustrated in C4 grasses (Ward and Woolhouse 1986), Phaseolus 
vulgaris and Zea maize (Louwerse and Zweerde 1977). However, in Amaranthus 
cruentus, LT was not affected by the growth irradiance (Tazoe et al. 2006). The greater 
LT in the red and green varieties under HL was based on increased thickness (cells and 
intercellular air spaces) of the adaxial and abaxial mesophyll layer, as well as increased 
area of BSC, when compared to LL growth irradiance. Similar responses in several 
studies demonstrated that thicker HL leaves contain significantly more cells as 
compared to the thinner LL leaves (Louwerse and Zweerde 1977, Björkman 1981, 
Lichtenthaler 1981). This study suggests that under HL, the diffusion of CO2 was 
increased and contributed to optimizing the rates of photosynthesis, a phenomenon well 
documented in other studies (Terashima et al. 2001, 2006, Evans et al. 2009, Niinemets 
et al. 2009).  
 Both red and green varieties under HL conditions exhibited higher appO2 than 
plants grown under LL. A similar trend of greater values of appCO2 under HL than 
under LL were previously reported in Aeschynanthus longicaulis, Leptochloa fusca, 
Megathyrsus maximus, Panicum coloratum, Sorghum bicolor, Zea maize (Li et al. 2014, 
Sonawane et al. 2018), with no differences observed in Panax notoginseng (Chen et al. 
2016). In contrast, Amaranthus cruenthus had greater appCO2 values under LL (Tazoe 
et al. 2008), although it is generally accepted that C4 plants have less potential to 
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acclimate to low irradiance than C3 plants (Sage and McKown 2006). Similar to other 
studies, the PmaxO2 of photosynthesis was higher under HL with 81% (red variety) and 
71% (green variety) when compared to LL growth irradiance. A similar trend for Pmax 
under HL and LL were previously reported in Spinacia oleracea (Anderson and Osmond 
1987), Arabidopsis thaliana (Walters and Horton 1994), Amaranthus cruentus (Tazoe et 
al. 2006), and Flaveria bidentis (Pengelly et al. 2010). In contrast, the opposite 
responses were reported in Castanospermum australe (Anderson and Osmond 1987) 
and in typical shade tolerant plants such as Aeschynanthus longicaulis (Li et al. 2014) 
and Panax notoginseng (Chen et al. 2016). Between varieties under HL, the red variety 
exhibited 35% and 52% greater values of PmaxO2 and Rdark, respectively, than the green 
variety. 
The light response curves revealed the LSP in the HL green variety occurred 
much earlier than in HL red variety. The LSP in both varieties was higher under HL than 
under LL growth irradiance. The LSP between varieties was greater in the red than in 
the green variety under either growth irradiance. This result may indicate that the red 
variety possesses a larger spectral range to acclimate and restore photostasis than the 
green variety. Overall, in this study, the LSP was directly dependent on growth 
irradiance. However, this outcome was not found in Aeschynanthus longicaulis, were 
the LSP was greater under LL (Li et al. 2014), while Panax notoginseng had a similar 
LSP at either HL or LL growth irradiance (Chen et al. 2016). 
Under HL growth irradiance, the red variety exhibited greater values of appO2 
(16%) and PmaxO2 (35%) than the green variety. As expected, these responses were 
supported by increased Rdark (52%) and LCP (24%) in the red than the green variety. 
Only the red variety exhibited a 69% and 18% increase of Rdark and LCP under HL 
compared to LL. Similar values of Rdark and LCP in the green variety at either growth 
irradiance may suggest that the green variety had a reduced capacity to photoacclimate 
to HL than the red variety, as there were no differences among varieties under LL 
growth irradiance. Overall, these data may suggest that photoacclimation of both 
varieties to HL may be variety-specific. The lack of differential response between the 
red and green varieties under our LL conditions (70 µmol m-2 s-1 PPFD) may not reflect 
differences under other LL irradiance and a LL irradiance dose response should be 
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performed under a broader irradiance range or a wider range of genetics. Bailey et al. 
(2001, 2004) demonstrated by using 7 ranges of irradiance in Arabidopsis thaliana that 
only two ranges of irradiance, which many studies commonly use to reflect HL and LL 
acclimation, are not adequate to determine the multiple regulatory mechanisms that 
underlie photosynthetic acclimation. In this study, ETR in both varieties was about 4-fold 
higher under HL than under LL growth irradiance. The ETR between varieties under 
either growth irradiance were similar. However, a 10-fold difference in growth irradiance 
resulted in a 2-fold greater ETR in Hordeum vulgare (De la Torre and Burkey 1990) and 
4-fold greater ETR in Atriplex (Boardman 1977). Conversely, a difference of 22-fold in 
growth irradiance resulted in only a 1.3-fold difference of ETR in Chamaesyce herbstii 
or 2.3-fold difference in Claoxylon sandwicense (Pearcy and Franceschi 1986), which 
reflects species-specific ETR adjustments in the photosynthetic apparatus to adapt to 
variations in irradiance. The results suggest that both varieties at the ETR level are not 
varietal different under either growth irradiance. 
 The red and green varieties exhibited an enhancement of Chl and increased Car 
content on a LA basis under HL compared to LL. Photoacclimation to HL typically 
includes increased Chl and Car content on a LA basis or decreased Chl and Car 
content on a FW basis (Lichtenthaler 1981). When expressed on a FW basis, Chl 
content was unexpectedly greater in the red under HL and similar in the green variety 
among the growth irradiance, which again may suggest that both varieties possessed 
restricted capacity to adjust the light harvesting pigments accumulation under LL growth 
irradiance. The increased values for Car content on a LA basis under HL growth 
irradiance was observed previously in other studies (Boardman 1977, Thayer and 
Björkman 1990, Lichtenthaler et al. 2007). Carotenoid pigments play a role preventing 
photooxidation and are involved in the dissipation of excess energy through NPQ 
(Demming-Adams and Adams 1992). Among red and green varieties, on a LA basis, 
the red variety showed an increased 60% and 62% Chl and Car accumulation under HL 
and 43% and 55% under LL conditions. The most striking response for both varieties at 
either growth irradiance were similar Chl a/b ratios. Changes in the Chl a/b ratio is one 
of the most frequent and most easily observed responses to different growth irradiance. 
The Chl a/b ratio reflects the proportion of Chl bound by the light harvesting complexes 
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and indirectly estimates antennae size (LHC protein accumulation; Leong and Anderson 
1984a, Walters and Horton 1994, Bailey et al. 2001). Plants grown under LL growth 
irradiance frequently possess a low Chl a/b ratio (large antennae). For example, 
decreases in the Chl a/b under LL compared to HL have been reported for Pisum 
sativum (Leong and Anderson 1984a, 1984b), Arabidopsis thaliana (Walters and Horton 
1994), Spinacia oleracea (Lindahl et al. 1995), Amaranthus cruenthus (Tazoe et al. 
2006), and Flaveria bidentis (Pengelly et al. 2010). Similar Chl a/b results were not 
expected, as both varieties were anticipated to adjust the absorption cross section of 
their antennae to enhance maximal use of the irradiance (Lichtenhaler et al. 1981, 
Anderson and Osmond 1987, Givnish 1988). Nevertheless, similar results for Chl a/b 
under HL and LL were reported for Tradescantia albiflora (Chow et al. 1991), barley 
(Falbel et al. 1996), Epilobium hirsutum, Lolium perenne, Hypericum perforatum, Urtica 
urens, Festuca ovina, Festuca rubra (Murchie and Horton 1997), Hordeum vulgare (Król 
et al. 1999, Kurasova et al. 2003, Zivcak 2014) and Aeschynanthus longicaulis (Li et al. 
2014). These data demonstrate the modulation of Chl a/b ratios may be dependent on 
plant species. The modulation of Chl a/b ratios in our study did not occur in either 
variety, which demonstrated that this mechanism was not varietal specific. 
Overall, the photosynthetic parameters in response to growth irradiance 
illustrated that both varieties exhibited higher values of appO2, PmaxO2, ETR and NPQ 
under HL than under LL growth irradiance. The photosynthetic parameters described 
above were similar between varieties under LL growth irradiance, which may indicate 
that the differentiation of photoacclimatory mechanisms between red and green 
varieties may not have occurred as a consequence of low irradiance value (Leong and 
Anderson 1984a, 1984b, Bailey et al. 2001, 2004). 
 
5.2 A Role for Betalains in Photoprotection 
The tolerance to photoinhibition under either HL or LL growth irradiance was 
greater in the red variety compared to the green variety. The red variety also had higher 
levels of Car than the green variety. However, the red variety did not have a greater 
NPQ value than the green variety and thus NPQ does not appear to be a component of 
photoinhibitory tolerance between varieties under either growth irradiance.  
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 However, among the varieties under HL growth irradiance, betalain 
accumulation was 79% greater in the red than in the green variety. Betalains consist of 
betacyanins and betaxanthins, which are non-photosynthetic red-violet and yellow-
orange pigments, respectively, that replace anthocyanins in plants of the Order 
Caryophyllales, such as Amaranthus (Stafford 1994, Strack et al. 2003, Tanaka et al. 
2008, Solovchenko and Merzlyak 2008). Betalains possess similar absorption spectra 
and antioxidant properties in vivo as anthocyanins, and as such, they are also 
considered to possess many of the other characteristics of anthocyanins (Nakashima et 
al. 2011, Mosco 2012).  
Furthermore, the composition of the betalains were substantially different. In the 
red variety under HL growth irradiance, the total betalain content consisted of 52% 
betacyanins and 48% betaxanthins and in the green variety only 8% were attributable to 
betacyanins. The tolerance to photoinhibition after 4 h of exposure to a PPFD of 1450 
µmol m-2 s-1 at 2C under HL was 49% greater in the red than in the green variety, 
which suggested betalains attenuated incident light, thereby preventing photoinhibition. 
Among the varieties under LL growth irradiance, again the red variety showed a greater 
tolerance to photoinhibition. After 4 h of exposure to excess light, tolerance under LL 
conditions was 62% greater in the red variety than in the green variety, corresponding 
with a 71% increase in betalain content in the red variety. Additionally, the composition 
of betalains also differed; in the red variety the betacyanins were 93% and betaxanthins 
56% greater than in the green variety under LL growth irradiance. Recent studies have 
reported the protective function of betalains under chilling-induced photoinhibition in 
leaves of Suaeda salsa (Wang and Liu 2007). Increased recovery after photoinhibition 
in Amaranthus tricolor (Shu et al. 2009), Suaeda japonica (Hayakawa and Agarie 2010) 
and Amaranthus cruenthus (Nakashima et al. 2011) was attributed to betalain content 
accumulation. 
Solovchenko and Merzlyak (2008) have suggested photoprotective pigments 
should comply with certain criteria that pigments should absorb radiation in the spectral 
band(s) overlapping with the absorption band(s) of the photosynthetic pigments, the 
irradiation in the corresponding spectral range should trigger the synthesis of the 
pigment in the natural and model systems (e.g. cell or tissue culture), and the 
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accumulation of the compound in question should induce resistance to the radiation in 
the spectral range of the pigment absorption. Betalain pigments meet all three criteria 
which supports their photoprotective role (Strack et al. 2003, Takahashi et al. 2010, 
Nakashima et al. 2011, Takahashi and Badger 2011). Based on transverse and 
longitudinal sections, at either growth irradiance, both varieties revealed betalain 
preferentially accumulated in the LMC with lower contents in the UMC. Betalains were 
absent in EC and not observed in the BSC, VPC and CC. Accumulation of anthocyanins 
in UEC in Pinus banksiana (Król et al. 1995, Hüner et al. 1998), or in the UMC as in 
Begonia heracleifolia (Hughes et al. 2008) appear to confer photoprotection through 
attenuation and screening. However, the absence of betalain in the UEC and LEC in 
this study is contradictory to other studies which indicated betalain accumulated in 
either EC (Bianco-Colomas and Hugues 1990, Stafford 1994, Nakashima et al. 2011). It 
has also been demonstrated that in Obregonia denegrii betacyanins were present only 
in the hypodermis (layer of cells immediately below the epidermis), whereas in 
Leuchtembergia principis, betacyanins accumulated mostly in the hypodermis cells and 
in lesser amounts in some chlorenchyma (parenchyma cells that contain chloroplasts) 
cells. Furthermore, in Mammillari sartorii, betacyanins were present only in the outer 
chlorenchyma cells (Mosco 2012). The localization of betalain mainly in the LMC has 
been suggested to enhance photoprotection by shielding chloroplasts from green and 
yellow light. Several studies have demonstrated that green and yellow light can also 
cause photoinhibition (Hughes et al. 2005, Takahashi and Badger 2011). Additionally, 
Koizumi et al. (1998) and Vogelmann and Han (2000) found green light penetrated 
deeper into leaf tissue than blue and red light. Oguchi et al. (2011) more recently found 
green light also induced more photodamage than red light. Therefore, the accumulation 
of leaf betalains deeper in the leaf tissue may ameliorate photoinhibition by shielding 
chloroplasts from the green light. Overall these data suggest betalain accumulation, 
composition and localization may play a significant photoprotectory role in the red and 
green varieties of Amaranthus blitum.   
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5.3 Anatomical and Ultrastructural Mechanisms of Photoacclimation 
Stomata are considered one of the main factors within the leaf allowing higher 
plants to adapt and photoacclimate to different environments by adjusting their size, 
density and distribution, which have a direct impact on CO2 diffusion in leaves 
(Zarinkamar 2007). The examination of imprints of leaf surfaces revealed the red and 
green varieties of Amaranthus contain anomocytic stomata (absence of subsidiary cells, 
Esau 1977) on either the adaxial or the abaxial side of the leaf, a common condition in 
plants known as amphistomatous (Fricker and Wilmer 1996).  
The red variety had a greater SI only on the abaxial side under HL than under LL 
growth irradiance. In contrast, the green variety showed greater SI on both adaxial and 
abaxial sides when compared to LL growth irradiance. Overall, both varieties had more 
stomata on the abaxial than on the adaxial side under HL conditions, and under LL 
conditions, only the green variety had more stomata on the abaxial than on the adaxial 
side. These results may suggest the SI may be associated with greater CO2 diffusion in 
leaves and likely increased photosynthesis performance only under HL growth 
irradiance, where the red variety exhibited greater values of appO2, PmaxO2, Rdark, LCP 
than the green variety. Tsutsumi et al. (2017) when analyzing 12 species of 
Amaranthus, found that stomatal density was also greater on the abaxial than adaxial 
side but with no direct correlation between the net photosynthetic rate. 
Both varieties had short and tall, multicellular and uniseriate glandular trichomes 
on either side of leaf. Trichome density was different between varieties when compared 
among the growth irradiance. Under HL, the red variety had greater trichome density on 
the abaxial side, and the green variety had greater numbers of trichomes on the adaxial 
side when compared to LL growth irradiance. The trichomes are distributed mainly on 
the veins and very rarely can be observed in the stomata-zone. This likely indicates 
their impact on the boundary layer and subsequently the effect on photosynthesis is not 
playing a significant role (Costea and DeMason 2001).  
The transverse sections of the inner leaf structure in both varieties of 
Amaranthus exhibited features typical of NAD-ME type C4 dicot plants with BSC 
surrounding the vascular bundle (VB) (Gutierrez et al. 1974, Hatch et al. 1987). The 
BSC were filled with chloroplasts and mitochondria in the centripetal (radial) position 
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around the VB. The presence of mitochondria near the chloroplasts is in accordance 
with the finding that in the NAD-ME subtype, the decarboxylating malic enzyme is in the 
mitochondrion (Edwards and Walker 1983, Sage 2004). The transverse sections 
revealed that the UMC (adaxial mesophyll layer) and the LMC (abaxial mesophyll layer) 
were morphologically differentiated into an upper palisade and lower spongy layers. 
This contrasts with findings of mesophyll tissue in Amaranthus tricolor which was not 
differentiated (Hong et al. 2005). Upper mesophyll cells are elongated, cylindrical with 
the long axis perpendicular to the surface of the leaf, and the LMC are of irregular 
forms. The thickness of the abaxial mesophyll layer at HL growth irradiance was 17% 
greater in the red than in the green variety. Leaf thickness plays an important role in 
capturing photons when light is limited (Sun et al. 1998, Terashima et al. 2009). The LT 
has also been suggested to augment NPQ under photoinhibtory conditions (Gould et al. 
2000). 
Additionaly, the transverse sections in both varieties revealed that the number of 
BSC around the VB were greater under HL than under LL growth irradiance, which 
indicate that the growth irradiance affected not only the area of the cells, but also the 
number. This further supports that under HL growth irradiance, the increase of LT was 
not just a result of increasing the area of the cells, but also of changes in morphology 
and number of the cells. Increased number of BSC in profile view had a positive 
association with increased LT and photosynthetic performance. Furthemore, the 
number of chloroplasts per profile of a BSC in section was affected by growth 
irradiance. Both varieties possessed greater number under HL than under LL. Under 
HL, both varieties possessed a similar number of chloroplasts, but as the micrographs 
illustrated the chloroplasts were of different shapes. Longer chloroplasts and their 
distribution in the cell may facilitate light harvesting and/or may help to avoid the excess 
excitation by moving the chloroplasts to the periphery of the cell. The results suggest 
that the shape of chloroplasts may enhance the photosynthetic performance, as higher 
appO2 and/or PmaxO2 were greater in the red than in the green variety under HL. 
Chloroplast ultrastructure and thylakoid architecture were significantly different 
among varieties and treatments. The ultrastructure of the chloroplast (granal and 
stromal lamellae, stroma, features in the stroma (PR), features in the thylakoid 
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membranes (CI), and CP, were different between varieties at either growth irradiance. 
Thylakoid architecture (structure of granal and stromal lamellae) among the growth 
irradiance were different between varieties. In general, plants grown under LL have 
more thylakoids per granum than those grown under HL (Lichtenthaler 1981, Anderson 
1986). However, GI and thylakoids/granum under HL in profiles of the BSC of the red 
variety was increased when compared to LL growth irradiance. But the GI and 
thylakoids/granum under HL in profiles of the BSC of the green variety was decreased 
when compared to LL growth irradiance. These differences in thylakoid architecture 
contributed positively to modulate the capacity of red variety to use better the irradiance 
than the green variety under HL growth irradiance, by enhancing photosynthetic 
performance. 
Under HL, the thylakoid architecture in BSC of the red variety consisted of granal 
lamellae which were well developed, with many thylakoids/granum. By contrast, the 
thylakoid architecture in BSC of the green variety showed a greater number of granal 
lamellae per chloroplast than the red variety, but with a reduced number of 
thylakoids/granum. This further resulted in an increased GI and thylakoids/granum in 
the BSC of the red variety than in the BSC of the green variety. In the MC, the GI was 
similar among varieties, but the thylakoids/granum was greater in the red than in the 
green variety. 
Under LL, the thylakoid architecture in the BSC and MC in both varieties 
exhibited a similar GI. Although the thylakoids/granum in the BSC among varieties was 
similar, it was greater in the MC in the red than in the green variety. 
Overall, it appears that the thylakoid architecture plays a crucial role in enhancing 
the photosynthetic performance under HL conditions in these varieties. The primary 
function of the stacked grana is still unclear but appears to enhance photosynthesis by 
increasing spatial separation of PSI and PSII between granal and stromal lamellae 
(Barber 1980), functionality of light harvesting complexes (Dekker and Boekema 2005), 
regulation of light harvesting (NPQ; Horton 1999) and delay of premature degradation of 
D1 protein (Anderson and Aro 1994, Lee et al. 2001). However, the stackness from 
other side may restrict photosynthesis by requiring long-range diffusion of electron 
carriers between PSII and PSI (Mullineaux 2008, Kirchhoff et al. 2011) and/or relocation 
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of PSII between the appressed and non-appressed regions during the PSII repair cycle 
(Mulo et al. 2008). According to the GI and thylakoids per granum results obtained in 
BSC under LL growth irradiance in both varieties, which were greater than in the green 
variety under HL growth irradiance, it appeared that they did not contribute as much to 
impact the photosynthesis performance from one side. From the other side, it appeared 
that they also did not restrict the photosynthesis, as the maximal photochemical 
efficiency of PSII (Fv/Fm) were similar with the plants grown under HL growth irradiance. 
In general, the stacking results from the interplay of physico-chemical forces of 
attraction and repulsion between adjacent membranes (Chow et al. 2005, Anderson et 
al. 2008). There are a multitude of factors that can influence stacking that include 
phosphorylation of thylakoid proteins, thylakoid lipid composition and lipid-protein 
interactions (Gounaris and Barber 1983, Anderson 1989, Webb and Green 1991, 
Navari-Izzo et al. 2000, Dekker and Boekema 2005, Fristedt et al. 2009). Overall, the 
greater GI and thylakoids per granum in the red variety under HL conditions appears to 
support the results of greater appO2, PmaxO2, and tolerance to photoinhibition, when 
compared to the green variety. 
Only chloroplasts from the green variety had PRI and PRII. Under HL growth 
irradiance in BSC chloroplasts, the PR was more evident than in BSC under LL, 
however in MC, the PR was more evident under LL growth irradiance. Previous studies 
have suggested PR may play a role in photosynthetic performance by increasing the 
surface area of the chloroplast inner envelope membrane, thereby influencing 
metabolite exchange between the plastid and the cytoplasm (Held and Saur 1971, 
Westphal et al. 2003, Wise 2006, Brautigan and Weber 2011, Szczepanik and Sowinski 
2014). However, its role in photosynthetic performance is not clear in our study since 
the red variety demonstrated greater appO2 and PmaxO2 in the absence of PR. 
In addition to PR, chloroplasts of the green variety were distorted appearing as 
CP, which are hypothesized to increase chloroplast transport and further enhance 
photosynthesis (Larkin et al. 2016). The TEM micrographs showed CP in the BSC 
under HL growth irradiance were very dense and more diverse in shape than under LL 
conditions. The CP in MC, VPC and CC are less abundant at either growth irradiance. 
This may indicate that their prevalent presence in the BSC may be associated with the 
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mechanism to increase the metabolite exchange between chloroplast and cytoplasm 
and increase the CO2 assimilation. However, similar to the PR, the presence of CP was 
only observed in the green variety which may suggest CP are not associated with 
photosynthesis, although this does not exclude a possible role in photorespiration. 
Additionally, many peroxisomes in the green variety in the BSC were observed at 
either growth irradiance. Initially, based on TEM micrographs, it appeared that their 
distribution was more abundant under HL growth irradiance. However, there was no 
significant difference in area among the growth irradiance. While photorespiration rates 
were not measured in this study, these results may indicate that the increase 
peroxisomes presence is not directly associated with photorespiratory rates, since 
Amaranthus are C4 plants and should have only minimal rates of photorespiration. Their 
increased presence may be correlated with signaling molecules such as H2O2 (see 
Section 6.2) or presence of PR. Nevertheless, Hilliard et al. (1971) examined the 
correlation between photorespiration and the presence of PR. They demonstrated in the 
C3 plant Dactylis glomerata, photorespiration rates were not correlated with the 
presence of PR. Again, while photorespiration rates were not measured in this study, 
more PR abundance in the MC than in the BSC per area of chloroplast (data not shown) 
may suggest there is no association between the increased photorespiration and PR, as 
well of peroxisomes abundance and photorespiration. 
Finally, the presence of CI were observed only in the green variety in BSC under 
HL and in BSC and MC under LL. They were more abundant under the LL growth 
irradiance but with no difference in area. Early reports in Spinacia oleracea chloroplasts 
suggested CI consist of Rubisco (Esau 1975, Sprey 1977, Sprey and Lambert 1977), 
however, a later study did not support that conclusion (Shojima et al. 1987). The 
presence of CI was reported in BSC, MC and EC of Amaranthus viridis (Ueno 2000). 
Whereas their function has not been experimentally determined, it is hypothesized they 
serve as a storage structure utilizable in the synthesis of thylakoid membranes or of 
stromal proteins (Ueno 2000). The absence of CI in the red variety indicates their 
photosynthetic role is questionable.  
Overall the adjustments at anatomical and ultrastructural levels revealed that 
primarily the GI and thylakoids per granum plays a significant role in enhancing 
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photosynthetic performance. Secondarily, alterations in LT and increased SI may result 
in a greater CO2 difusion. All these photosynthetic adjustments appeared to contribute 
to the increased appO2 and PmaxO2 values in the red variety than in the green variety 
under HL growth irradiance.  
Lack of variation in adjustments between red and green varieties under LL 
suggests either that there are no differences or is possible that the 70 µmol m-2 s-1 
PPFD irradiance level was too low to discern the differential adjustments in the 
photosynthetic apparatus in these varieties.  
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CHAPTER 6 
 
6.0 CONCLUSIONS AND FUTURE STUDIES 
6.1 Conclusions 
Amaranthus blitum red and green varieties showed a greater ability to 
photoacclimate to HL than to LL growth irradiance. Growth and development under HL 
growth irradiance was faster, resulting in greater accumulation of biomass. 
Unexpectedly, the LA in both varieties was greater under HL than under LL. However, 
although the red variety had a higher number of leaves under HL, its individual LA was 
smaller than the green variety. Photosynthetically, both varieties performed better under 
HL than under LL growth irradiance due to a larger range of photosynthetic adjustments 
(higher accumulation of pigments, higher O2 evolution parameters, higher tolerance to 
photoinhibition and a thicker leaf). Between the varieties grown under HL, the red 
variety exhibited greater values of appO2, PmaxO2, accumulation of Chl, accumulation of 
Car and betalain pigments and greater tolerance to photoinhibition than the green 
variety. However, the Chl a/b ratio was similar between varieties, indicating that the 
absorption cross section of light harvesting antenna per reaction center were similar 
between varieties. Greater values of appO2, PmaxO2 in the red variety than in the green 
variety under HL growth irradiance suggests that the red variety has a greater ability to 
adjust to different growth irradiance and use the excess irradiance. The greater 
tolerance to photoinhibition appears to be associated with increased content of 
betalains, as both varieties were showing similar NPQ capacity. Additionally, it appears 
that the major role of betalains in conferring photoprotection is primarily based on 
screening of excess light in the LMC, where betalains predominantly accumulates, and 
secondarily by screening the UMC. 
At the anatomical level, both varieties exhibited greater LT, based on increased 
area of UEC, UMC, BSC, LMC, LEC and increased area of chloroplasts in BSC under 
HL than under LL growth irradiance. The red variety compared to the green variety also 
exhibited increased LT based on thicker LMC layer. Additionally, the area of 
chloroplasts in BSC and MC was greater in the red variety than the green variety. 
Among HL and LL growth irradiance SI was greater in both varieties and on both sides 
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than under LL conditions. However, between varieties under HL conditions the red 
variety manifested a greater SI on adaxial side. Both varieties possessed a different 
thylakoid architecture (granal and stromal lamellae thylakoid membranes), which likely 
have implications on lateral heterogeneity, which also impacts granal stacking. At HL 
growth irradiance, the red variety possessed an increased GI and thylakoids/granum in 
BSC compared to LL. The increased GI and thylakoids/granum in red variety BSC 
appears to play a crucial role in affecting the appO2 and PmaxO2 capacity at HL 
conditions. By contrast, the green variety had a decreased GI in BSC.   
Under LL growth irradiance both varieties photoacclimated similarly. The growth 
kinetics parameters, leaf anatomy and thylakoid architecture were similar between 
varieties. The accumulation of light harvesting pigments was greater in the red variety, 
however that did not contribute to a greater photosynthetic performance. Neither variety 
was able to adjust the LA to be greater than under HL conditions. Unexpectedly and in 
contrast to many studies, the photoacclimation to LL in both varieties was not 
associated with major changes in absorption cross section of light harvesting antenna 
per reaction center, as indicated by the absence of changes in Chl a/b ratio. The main 
difference between varieties under LL growth irradiance was the red variety exhibited 
greater tolerance to photoinhibition, which may be related with increased betalain 
content, predominantly of betacyanin pigments.  
Other novel findings of this thesis included the observation that only chloroplasts 
of the green variety possessed features such as PR, CI and the presence of CP 
regardless of growth irradiance. The role of these structures on photosynthetic 
performance appears to be questionable, as the red variety in the absence of these 
features exhibited greater rates of photosynthesis than the green variety. Overall, it can 
be concluded that PR, CP and CI are not required for higher rates of photosynthesis.  
 
6.2 Future Studies  
The interesting findings of this study suggest that additional experiments may 
further reveal how the red and green varieties of Amaranthus blitum adjust their 
photosynthetic apparatus to cope with HL and LL growth irradiance. In this research, it 
was found that neither variety demonstrated the ability to adjust the absorption cross 
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section of light harvesting complex antenna per reaction center or LT to cope with 
limited light conditions, which suggests that 70 µmol m-2 s-1 PPFD was too low to allow 
separation of photoacclimatory mechanisms under LL. An evaluation under a larger 
range of irradiance for LL photoacclimation may reveal the LL level of irradiance under 
which a distinguished differentiation of photoacclimatory mechanisms occur in 
Amaranthus blitum as were demonstrated in Arabidopsis thaliana (Leong and Anderson 
1984a, 1984b, Bailey et al. 2001, 2004).  
Evaluation of photosystems stoichiometry (PSII/PSI), is one well documented 
mechanism which plants evolved to cope with reduced light conditions (Chow and Hope 
1987) and will reveal if this mechanism is characteristic for Amaranthus blitum. It may 
also be interesting to examine pigment (betalains) accumulation in other aerial portion 
of the plant, such as shoots and petioles. 
 The ultrastructure of chloroplast in BSC under HL conditions in this study 
appears to play the crucial role in enhancing the appO2, and PmaxO2 in the red 
compared to the green variety. Evaluation of proteins involved in the formation of granal 
lamellae such as, CURVATURE THYLAKOID (CURT; Ambruster et al. 2013) may 
reveal if the GI and thylakoids per granum can be attributed to CURT or other proteins. 
This can be accomplished by immunoblotting for proteins previously identified in this 
process. 
The evaluation of NDH-mediated cyclic electron flow may reveal if the increased  
abundance of peroxisomes in the green variety were related with demand for H2O2 to  
induce cyclic electron flow as postulated by Takabayashi et al. (2005) and Livingston et  
al. (2010). In addition, cyclic electron flow is considered an important mechanism of  
how C4 plants can adjust their ATP/NADH ratio and maintain energy balance.  
 Finally, there is a need to evaluate how these varieties photoacclimate during 
short shifts in light quantity and subsequently balance energy between photosystems. 
This usually involves the phosphorylation dependent detachment of LCHII from PSII (in 
the granal lamellae) and its diffusion to PSI (in the stromal lamellae). Further, these 
experiments may reveal the relationship between thylakoid architecture (GI and 
thylakoids per granum) and phosphorylation/dephosphorylation mechanisms.  
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CHAPTER 8 
 
8.0 APPENDICES 
Table A1 Pigment analyses for red and green varieties of Amaranthus. Total chlorophyll 
(Chl), total carotenoid (Car), chlorophyll a/b ratios and chlorophyll/carotenoid ratios 
(Chl/Car) were determined from the fourth leaves of plants grown under HL and LL. 
Values represent means ± SE (n = 3). Values followed by different letters in each row 
indicate a significant difference at P = 0.05 using a Holm-Sidak post-hoc test. HL, high 
light; LL, low light; SE, standard error. 
 
Parameter Growth Irradiance and Variety 
HL Red HL Green LL Red  LL Green 
Total Chl  
(µg g-1 FW) 
1761.05 ± 23.78a 750.87 ± 88.13c 1530.11 ± 51.80b 759.10 ± 61.93c 
Total Car 
(µg g-1 FW) 
350.15 ± 21.90a 148.57 ± 25.74b 256.96 ± 47.30a 113.15 ± 15.01b 
Chl a/b 5.41 ± 0.67a 6.49 ± 0.89a 5.42 ± 0.36a 4.79 ± 0.52a 
Total 
Chl/Car 
4.8 ± 0.39b 5.17 ± 0.28b 5.3 ± 0.22b 6.85 ± 0.47a 
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Table A2 Total betalain content for red and green varieties of Amaranthus. Total 
betalain is the sum of betaxanthins and betacyanins. Total betalain (Bet), betacyanins 
(Bcy) and betaxanthins (Btx) were determined from the fourth leaves of plants grown 
under HL and LL. Values represent means ± SE (n = 3). Values followed by different 
letters in each row indicate a significant difference at P = 0.05 using a Holm-Sidak post-
hoc test. HL, high light; LL, low light; SE, standard error. 
 
Pigment  
(µg g-1 DW) 
Growth Irradiance and Variety 
HL Red HL Green LL Red  LL Green  
Bet  1243.35 ± 78.28a 255.68 ± 26.38b 1224.04 ± 24.43a 328.10 ± 44.10b 
Bcy  643.55 ± 71.94a 21.36 ± 2.34b 492.86 ± 61.91a 29.89 ± 0.49b 
Btx  599.80 ± 124.21a 234.32 ± 24.23b 731.18 ± 38.79a 298.21 ± 43.61b 
 
  
 
124 
 
Table A3 Stomatal density for red and green varieties of Amaranthus. Leaf imprints 
were obtained from fourth leaves of plants grown under HL and LL and used for the 
calculation of the stomatal index and trichome density. Values represent means ± SE (n 
= 3). Values followed by uppercase letters in each column and lowercase letters in each 
row indicate a significant difference at P = 0.05 using a Holm-Sidak post-hoc test. HL, 
high light; LL, low light; SE, standard error.  
 
Stomatal 
Density 
(Stomata/mm2) 
Growth Irradiance and Variety 
HL Red HL Green LL Red LL Green 
Adaxial 54.33 ± 5.24aB 54.33 ± 3.42aB 37.67 ± 6.36bA 16.33 ± 0.887cB 
Abaxial 63.00 ± 4.73bA 80.67 ± 7.24aA 32.00 ± 6.51dA 45.67 ± 2.40cA 
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Table A4 Quantitative parameters of the leaf anatomy of the red and green varieties of 
Amaranthus. Fourth leaves were sampled at 20 and 23 DAS for the red and green 
variety under HL respectively and at 40 DAS under LL. Values represent means ± SE (n 
= 3 leaves). One transverse section containing 2 vascular bundles was obtained for 
each leaf. Values followed by different letters in each row indicate a significant 
difference at P = 0.05 using a Holm-Sidak post-hoc test. BSC, bundle sheath cell; DAS, 
days after sowing; HL, high light; LEC, lower epidermal cells; LMC, lower mesophyll 
cells; LL, low light; LT, leaf thickness; Max D, maximum diameter; Min D, minimum 
diameter; MC, mesophyll cell; Perim, perimeter; SE, standard error; UEC, upper 
epidermal cell; UMC, upper mesophyll cell. 
 
Parameter Growth Irradiance and Variety 
HL Red HL Green LL Red LL Green 
UEC     
  
Area (µm2) 515.94 ± 23.37a 448.71 ± 36.26a 256.87 ± 66.62b 313.79 ± 27.52ab 
Perim (µm) 89.72 ± 2.11a 76.31 ± 2.74a 74.33 ± 10.19a 75.66 ± 3.98a 
Max D (µm) 36.13 ± 0.98a 27.36 ± 0.84a 28.81 ± 5.11a 30.14 ± 1.85a 
Min D (µm) 18.22 ± 0.44a 19.83 ± 1.16a 13.47 ± 1.27b 13.94 ± 0.29b 
     
LEC     
  
Area (µm2) 477.23 ± 30.29a 392.95 ± 29.07b 229.72 ± 12.41c 182.92 ± 28.77c 
Perim (µm) 103.03 ± 0.48a 78.71 ± 4.17b 64.75 ± 5.79c 51.21 ± 3.58d 
Max D (µm) 41.45 ± 0.80a 30.36 ± 2.16b 25.39 ± 2.41c 19.58 ± 1.45d 
Min D (µm) 16.86 ± 0.79a 16.74 ± 0.0.51a 11.72 ± 0.39b 10.86 ± 0.66b 
 
UMC     
  
Area (µm2) 590.35 ± 91.68a 350.11 ± 29.72ab 311.43 ± 32.03b 315.88 ± 14.41b 
Perim (µm) 101.27 ± 8.12a 82.85 ± 3.56a 80.12 ± 6.92a 80.82 ± 0.62a 
Max D (µm) 38.35 ± 3.25a 31.35 ± 1.26b 27.28 ± 1.60b 28.38 ± 0.69b 
Min D (µm) 20.98 ± 1.12a 15.14 ± 0.45b 17.26 ± 1.69b 16.90 ± 0.40b 
 
126 
 
 
LMC 
    
  
Area (µm2) 356.79 ± 70.75a 185.48 ± 2.66b 127.08 ± 6.27b 106.94 ± 7.74b 
Perim (µm) 82.63 ± 9.26a 52.60 ± 0.68b 47.28 ± 2.89b 40.95 ± 0.50b 
Max D (µm) 29.36 ± 3.46a 19.43 ± 0.27b 17.36 ± 1.21b 15.51 ± 0.24b 
Min D (µm) 17.61 ± 1.56a 12.23 ± 0.20b 10.19 ± 0.27c 8.81 ± 0.24c 
 
BSC  
    
  
Area (µm2) 705.35 ± 10.27a 668.43 ± 70.90a 399.0 ± 35.28b 358.98 ± 34.14b 
Perim (µm) 105.65 ± 0.13a 98.83 ± 5.52a 92.25 ± 6.35a 85.78 ± 3.67a 
Max D (µm) 37.52 ± 0.41a 35.91 ± 2.19a 32.66 ± 2.52a 32.27 ± 0.73a 
Min D (µm) 26.50 ± 0.34a 25.33 ± 1.43a 21.77 ± 2.32b 18.54 ± 0.35b 
 
Thickness  
    
  
Adaxial MC 
(µm) 
 
41.92 ± 0.42a 
 
39.83 ± 0.89a 
 
24.66 ± 1.92b 
 
25.12 ± 2.52b 
 
Abaxial MC 
(µm) 
 
 
38.01± 0.79a 
 
 
31.54 ± 2.31b 
 
 
15.94 ± 0.17c 
 
 
17.24 ± 2.13c 
     
Thickness     
LT (µm) 175.07 ± 1.77a 164.42 ± 4.26b 100.94 ± 4.19c 102.25 ± 1.03c 
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Table A5 Quantitative parameters of chloroplasts (C) and mitochondria (M) from profiles 
of BSC, MC, VPC and CC from sections of fourth leaves of the red and green varieties of 
Amaranthus grown under HL and LL. The plant material for the sections were sampled 
at 20 and 23 DAS for the red and green variety under HL respectively and at 40 DAS 
under LL. Values represent means ± SD (n = 3 to 50 organelles from multiple fields of 
view). Values followed by different letters in each row indicate a significant difference at 
P = 0.05 using a Holm-Sidak post-hoc test. BSC, bundle sheath cell; CC, companion 
cell; HL, high light; LL, low light; MC, mesophyll cell; Perim, perimeter; SD, standard 
deviation; VPC, vascular parenchyma cell. 
 
Parameters Growth Irradiance and Variety 
HL Red HL Green LL Red LL Green 
C Area (µm2)    
BSC 33.86 ± 17.10
a
 20.36 ± 8.59
b
 21.26 ± 9.30
b
 21.38 ± 7.19
b
 
MC 12.41 ± 2.82
a
 6.06 ± 2.86
b
 13.05 ± 4.45
a
 10.88 ± 4.90
a
 
VPC 8.89 ± 3.14
a
 4.06 ± 0.83
b
 5.67 ± 3.45
b
 3.07 ± 1.07
b
 
CC 4.99 ± 1.56
a
 3.77 ± 2.08
b
 6.48 ± 2.36
a
 3.61 ± 1.81
b
 
C Perim (µm) 
BSC 39.70 ± 16.47
a
 21.70 ± 6.33
b
 22.93 ± 5.38
b
 24.07 ± 5.0
b
 
MC 16.10 ± 2.21
a
 10.33 ± 2.09
b
 18.02 ± 3.27
a
 16.96 ± 4.88
a
 
VPC 13.63 ± 2.30
a
 9.72 ± 1.71
b
 12.88 ± 4.54
a
 8.49 ± 1.92
b
 
CC 8.57 ± 1.33
a
 7.38 ± 2.18
a
 9.51 ± 1.64
a
 7.96 ± 2.57
a
 
C Max D (µm) 
BSC 15.91 ± 5.26
a
 8.92 ± 2.29
b
 9.52 ± 2.28
b
 10.46 ± 2.43
b
 
MC 6.95 ± 1.13
a
 4.33 ± 0.89
b
 7.99 ± 1.55
a
 7.59 ± 2.34
a
 
VPC 5.53 ± 1.19
a
 4.25 ± 0.86
b
 5.80 ± 1.88
a
 3.84 ± 0.95
b
 
CC 3.01 ± 0.42
a
 2.83 ± 0.78
a
 3.48 ± 0.77
a
 3.29 ± 1.06
a
 
C Min D (µm) 
BSC 4.93 ± 2.46
a
 3.39 ± 1.06
b
 3.62 ± 1.38
b
 3.26 ± 0.89
b 
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MC 2.43 ± 0.54
a
 1.81 ± 0.62
b
 2.36 ± 0.47
a
 2.07 ± 0.46
a 
VPC 2.49 ± 0.53
a
 1.40 ± 0.19
b
 1.55 ± 0.80
b
 1.05 ± 0.20
b 
CC 2.28 ± 0.58
a
 1.65 ± 0.66
b
 2.37 ± 0.42
a
 1.50 ± 0.43
b
 
M Area (µm
2
) 
BSC 0.94 ± 0.65
a
 0.86 ± 0.64
a
 1.23 ± 0.92
a
 1.34 ± 1.15
a
 
MC 0.50 ± 0.30
a
 0.62 ± 0.35
a
 0.28 ± 0.16
b
 0.48 ± 0.31
a
 
VPC 0.43 ± 0.20
a
 0.31 ± 0.14
a
 0.24 ± 0.14
b
 0.28 ± 0.16
ab
 
CC 0.41 ± 0.14
a
 0.38 ± 0.14
a
 0.41 ± 0.17
a
 0.21 ± 0.10
b
 
M Perimeter (µm) 
BSC 4.18 ± 1.64
a
 3.73 ± 1.41
a
 4.26 ± 1.72
a
 4.19 ± 1.61
a
 
MC 2.62 ± 0.88
a
 3.00 ± 1.15
a
 2.03 ± 0.74
b
 2.63 ± 0.93
a
 
VPC 2.46 ± 0.59
a
 2.18 ± 0.65
a
 1.90 ± 0.73
a
 1.93 ± 0.56
a
 
CC 2.46 ± 0.42
a
 2.39 ± 0.59
a
 2.45 ± 0.54
ab
 1.71 ± 0.52
b
 
M Max D (µm) 
BSC 1.58 ± 0.58
a
 1.48 ± 0.65
a
 1.63 ± 0.71
a
 1.54 ± 0.59
a
 
MC 0.97 ± 0.38
a
 1.10 ± 0.50
ab
 0.75 ± 0.34
a
 1.02 ± 0.40
b
 
VPC 0.90 ± 0.21
a
 0.82 ± 0.29
a
 0.63 ± 0.20
b
 0.69 ± 0.21
ab
 
CC 0.92 ± 0.18
a
 0.89 ± 0.30
a
 0.92 ± 0.24
a
 0.63 ± 0.25
b
 
M Min D (µm) 
BSC 0.85 ± 0.35
b
 0.75 ± 0.20
b
 0.90 ± 0.36
ab
 1.00 ± 0.45
a
 
MC 0.64 ± 0.16
a
 0.72 ± 0.15
a
 0.49 ± 0.11
b
 0.57 ± 0.18
b
 
VPC 0.59 ± 0.15
a
 0.49 ± 0.11
a
 0.49 ± 0.19
a
 0.50 ± 0.13
a
 
CC 0.58 ± 0.12
a
 0.57 ± 0.07
a
 0.58 ± 0.11
a
 0.42 ± 0.08
b
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Table A6 Ultrastructural quantitative parameters of the chloroplasts (C) from sections of 
fourth leaves of the red and green varieties of Amaranthus grown under HL and LL. The 
plant material for the sections were sampled at 20 and 23 DAS for the red and green 
variety under HL respectively and at 40 DAS under LL. Values represent means ± SD (n 
= 3 to 9 chloroplasts from multiple fields of view). Values followed by different letters in 
each row indicate a significant difference at P = 0.05 using a Holm-Sidak post-hoc test. 
BSC, bundle sheath cell; CC, companion cell; CP, cytoplasmic protrusions; DAS, days 
after sowing; HL, high light; LL, low light; MC, mesophyll cell; PR, peripheral reticulum, 
SD, standard deviation; VPC, vascular parenchyma cell. 
 
Parameters  Growth Irradiance and Variety 
HL Red HL Green LL Red LL Green 
Area C (µm²)   
BSC 28.33 ± 4.03a 19.22 ± 10.83a 22.40 ± 6.71a 18.00 ± 4.47a 
MC 11.72 ± 3.89a 7.79 ± 2.58a 9.86 ± 3.55a 6.17 ± 2.71a 
VPC 9.78 ± 3.18a 3.80 ± 0.74b 5.52 ± 3.34b 3.30 ± 0.98b 
CC 6.86 ± 0.72a 4.57 ± 0.69ab 6.55 ± 2.29a 3.11 ± 1.07b 
     
Granal Index (%)    
BSC 52.62 ± 6.33a 26.22 ± 2.46c 42.29 ± 7.93b 46.40 ± 7.59b 
MC 39.77 ± 5.82a 33.20 ± 6.64a 48.02 ± 4.97ab 48.55 ± 8.32b 
VPC 54.57 ± 7.74a 32.21 ± 1.93b 57.91 ± 3.87a 53.71 ± 9.07a 
CC 64.06 ± 3.06a 55.51 ± 4.65a 64.05 ± 5.11a 43.19 ± 4.09a 
     
Granal Density (grana/µm)    
BSC 3.35 ± 0.43b 6.96 ± 1.55a 5.90 ± 1.91a 7.11 ± 1.79a 
MC 7.89 ± 3.18b 13.50 ± 3.95a 7.70 ± 1.57b 12.66 ± 2.20a 
VPC 3.96 ± 1.00b 17.31 ± 2.56a 8.77 ± 0.40a 12.86 ± 7.65a 
CC 3.31 ± 1.34b 6.22 ± 1.46b 4.44 ± 1.23b 9.01 ± 3.01a 
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Appressed Thylakoid Density (µm/µm²)  
BSC 15.24 ± 2.93a 8.27 ± 1.77b 14.02 ± 4.87a 16.64 ± 6.08a 
MC 20.56 ± 9.62a 20.38 ± 7.56a 24.37 ± 6.96a 29.61 ± 7.39a 
VPC 15.01 ± 3.27b 13.12 ± 1.41b 25.50 ± 3.71ab 31.35 ± 12.57a 
CC 8.94 ± 1.84a 14.22 ± 4.58a 14.41 ± 2.91a 12.01 ± 2.24a 
 
Non-Apppressed Thylakoid Density (µm/µm²) 
BSC 13.83 ± 3.31a 22.49 ± 3.33a 19.35 ± 6.90a 19.46 ± 6.45a 
MC 31.73 ± 13.63a 40.36 ± 9.12a 25.77 ± 3.30a 31.28 ± 6.49a 
VPC 12.35 ± 1.87b 27.84 ± 4.85a 18.51 ± 2.54b 26.77 ± 12.45a 
CC 5.10 ± 1.71b 11.57 ± 4.05ab 8.16 ± 2.10b 15.88 ± 3.20a 
     
Total Thylakoid Density (µm/µm²)   
BSC 29.07 ± 5.01a 30.53 ± 4.71a 33.37 ± 10.55a 36.10 ± 10.80a 
MC 52.29 ± 22.64a 60.73 ± 13.93a 50.14 ± 9.42a 60.90 ± 9.13a 
VPC 27.36 ± 2.20b 40.95 ± 6.16b 44.01 ± 5.19b 72.29 ± 15.26a 
CC 14.92 ± 2.93a 25.79 ± 8.42a 22.58 ± 4.60a 29.75 ± 5.67a 
     
Thylakoids/Granum  
BSC 9.17 ± 2.67a 4.08 ± 1.21c 6.52 ± 1.11b 6.29 ± 0.61b 
MC 7.44 ± 2.22a 4.78 ± 0.56c 9.13 ± 1.74a 6.95 ± 1.39b 
VPC 9.45 ± 1.80a 3.47 ± 0.42b  7.32 ± 0.45a 6.98 ± 2.18a 
CC 5.18 ± 1.25a 5.50 ± 0.69a 6.05 ± 1.79a 4.76 ±2.16a 
     
Length Appressed Thylakoids/Non-Appressed Thylakoids 
BSC 1.14 ± 0.28a 0.37 ± 0.03c 0.76 ± 0.27b 0.90 ± 0.27b 
MC 0.67 ± 0.16b 0.51 ± 0.15b 0.94 ± 0.21ab 0.98 ± 0.30a 
VPC 1.26 ± 0.43a 0.48 ± 0.04a 1.39 ± 0.21a 1.25 ± 0.54a 
CC 1.79 ± 0.24a 1.27 ± 0.24a 1.83 ± 0.41a 0.77 ± 0.12a 
     
PR and CP Area from C Area   
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BSC 0.00 b 2.73 ± 1.20a 0.00 b 1.92 ± 0.66a 
MC 0.00 b 1.02 ± 0.84a 0.00 b 0.91 ± 0.44a 
VPC 0.00 b 0.71 ± 0.23a 0.00 b 0.70 ± 0.32a 
CC 0.00 b 0.00b 0.00 b 0.56 ± 0.26a 
 
Stroma Area (µm²)    
BSC 16.21 ± 2.03a 10.04 ± 5.31b 13.56 ± 5.92a 9.44 ± 3.56b  
MC 6.60 ± 4.61a 2.24 ± 1.04a 4.65 ± 1.71a 2.00 ± 0.66a 
VPC 5.75 ± 2.11a 1.16 ± 0.20b 2.90 ± 1.55b 1.33 ± 0.54b 
CC 5.16 ± 0.98a 2.64 ± 0.91ab 4.55 ± 1.59a 1.66 ± 0.59b 
     
Starch Area (µm²)    
BSC 0.68 ± 1.27a 0.37 ± 0.65a 0.00a 0.00a 
MC 0.06 ± 0.12a 0.05 ± 0.10a 0.00a 0.00a 
VPC 0.10 ± 0.20a 0.00a 0.00a 0.00a 
CC 0.01 ± 0.01a 0.00a 0.00a 0.00a 
     
Plastoglobuli Area (µm²)   
BSC 0.16 ± 0.08b 0.36 ± 0.27a 0.04 ± 0.02b 0.12 ± 0.07b 
MC 0.10 ± 0.03a 0.13 ± 0.05a 0.02 ± 0.01b 0.01 ± 0.00b 
VPC 0.07 ± 0.04a 0.05 ± 0.01a 0.02 ± 0.01b 0.03 ± 0.03ab 
CC 0.00 b 0.01 ± 0.00b 0.04 ± 0.02a 0.04 ± 0.03ab 
     
Total Thylakoid Area (µm²)  
BSC 12.26 ± 1.42a 6.13 ± 4.63b 8.82 ± 1.12b 8.13 ± 2.00b 
MC 7.56 ± 1.97a 4.19 ± 1.66b 5.08 ± 1.87ab 3.08 ± 1.69b 
VPC 3.86 ± 1.22a 1.53 ± 0.29 b 2.60 ± 1.79ab 1.11 ± 0.39b 
CC 1.69 ± 0.27a 1.92 ± 0.36a 1.96 ± 0.81a 0.93 ± 0.39b 
     
Appressed Thylakoids Length (µm)  
BSC 244.76 ± 40.69a 74.60 ± 23.67c 172.17 ± 62.43b 141.83 ± 22.14b 
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MC 111.25 ± 32.01a 42.19 ± 12.79b 109.45 ± 37.36a 58.22 ± 19.80b 
VPC 89.88 ± 50.23a 15.10 ± 2.12b 73.70 ± 36.89ab 37.31 ± 13.68b 
CC 45.25 ± 0.78b 34.60 ± 3.33b 63.73 ± 16.06a 19.10 ± 3.91b 
     
Non-Appressed Thylakoids Length (µm)  
BSC 226.48 ± 70.51a 214.77 ± 4.81a 233.21 ± 63.11a 167.49 ± 43.25a 
MC 165.00 ± 18.69a 86.38 ± 28.23b 121.33 ± 50.11a 63.22 ± 26.92b 
VPC 71.34 ± 28.72a 32.16 ± 7.04b 56.06 ± 34.97ab 32.37 ± 12.34b 
CC 25.50 ± 3.82a 27.98 ± 5.66a 37.60 ± 16.51a 25.73 ± 8.32a 
Appressed Thylakoids Area (µm²)  
BSC 5.15 ± 1.12a 1.35 ± 0.57a 3.96 ± 1.14a 3.22 ± 0.66b 
MC 2.75 ± 0.67a 0.83 ± 0.19b 2.16 ± 0.83a 1.14 ± 0.50b 
VPC 1.64 ± 0.55a 0.23 ± 0.07b 1.04 ± 0.48ab 0.66 ± 0.23b 
CC 0.82 ± 0.19a 0.66 ± 0.09a 0.99 ± 0.26a 0.39 ± 0.10a 
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Figure A1 Distribution of stomata for Amaranthus grown under LL. Fourth leaves of the 
red (A., C.) and green (B., D.) varieties were analyzed on the adaxial (A., B.) and 
abaxial (C., D.) leaf surfaces. The insert (E.) shows a close up of the anomocytic 
stomatal (AS) complex. Scale bars indicate 200 µm. Representative images are shown. 
AS, anomocytic stomata; LL, Low light. 
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Figure A2 Distribution of trichomes for Amaranthus grown under LL. Fourth leaves of 
the red (A., C.) and green (B., D.) varieties were analyzed on the adaxial (A., B.) and 
abaxial (C., D.) leaf surfaces. Trichomes are indicated by arrows. Scale bars indicate 1 
mm. Representative images are shown. LL, low light. 
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